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ABSTRACT 
 
Single mode waveguides dominate the integrated silicon photonic chips for both passive and 
active components. Wide Gaussian beams, however, are needed for some applications, such as 
large area gas sensing, bio-imaging, microfluidic optics and among others. Therefore, how to 
manipulate Gaussian beams on-chip and interface them with traditional and novel integrated 
components is an interesting and useful topic. 
  The aim of this thesis is to create a planar silicon on insulator (SOI) photonic platform to 
harness unguided beams. This work mainly focuses on generating, controlling and collecting 
laterally unguided beams in slabs to realize applications for lateral leakage in thin-ridge 
waveguides and hybrid integration of plasmonic structures. These outcomes can be achieved 
by using the fabrication process developed by myself using the available facilities in RMIT 
University. 
  In this thesis, a platform which can generate and manipulate Gaussian beams on-chip is 
firstly studied. According fundamental optics, an integrated optical lens is proposed and 
experimentally demonstrated which can launch, expand, collimate and focus Gaussian beams. 
Approaches for varying the propagation angles of Gaussian beams are also studied. In addition, 
the factors that can affect the transmission loss and the beam width achievable with optical 
lenses are investigated. 
  Utilizing the integrated optical lenses system, a novel optical resonator based on lateral 
leakage on thin-ridge SOI waveguide is experimentally demonstrated for the first time. The 
optical resonator is based on the TE to TM modes conversion. The resonant reflection from a 
thin-ridge waveguide has been predicted previously, but it is not possible to experimentally 
demonstrate due to the need for wide, coherent optical beams. In the experiment, the optical 
lens is used to launch and collect the transmitted TE slab beam. The dependence of the 
resonance on waveguide width, incident angles and launched beam widths are investigated 
both numerically and experimentally. 
  Another previous study has theoretically predicted strong coupling between plasmonic 
crystal and beams of light trapped within a silicon slab. Again, this previous study has been 
limited to theoretical investigation only due to the need to illuminate the structure with a wide 
coherent beam of light. In this thesis, the experiments are carried out using the optical lenses 
to launch and collect Gaussian beams. The second Bragg resonance is firstly demonstrated 
which agrees with the theoretical prediction. Then the asymmetric transmission is theoretically 
and experimentally demonstrated, which shows its potential application on the optical diode if 
  
active components or nonlinear materials used on to the metal surface. After that, the stop-band 
of the hybrid plasmonic crystal is experimentally demonstrated, and the dependence of the 
stop-band on the pitch size and gap size is also investigated. From the theoretical study, it is 
known that the hybrid plasmonic crystal has very strong optical field enhancement on the 
surface gaps. By utilizing transmission based NSOM, the optical field enhancement is 
visualized. Based on the sharp transmission change on the stop-band edge and the strong optical 
field enhancement on the surface, the sensitivities of the device on the environmental refractive 
index change and the monolayer thiol molecule are investigated, which shows very high 
sensitivities compared with dielectric devices. 
  In summary, an optical lens which can launch and collect collimated Gaussian beam is 
realized. Based on the lens system, the single waveguide resonator and hybrid plasmonic 
crystal are experimentally demonstrated, paving the way for new devices and novel 
experimental explorations harnessing unguided beams in integrated photonic chips. 
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Chapter 1. INTRODUCTION  
1.1 BACKGROUND  
Since Gordon Moore proposed the famous “Moore’s Law” [1], the number of transistors on 
integrated circuits doubles approximately every two years, which has reached 5 billion for IBM 
neuromorphic TrueNorth chip in 2014 [2]. Such densely integrated chips introduce serious 
parasitic effects in metallic interconnection, high power consumption - most of which is in the 
interconnection, and signal crosstalk [3]. Silicon photonics which has distinctive advantages 
[4] compared with electronics is selected as the best potential solution to overcome the 
electronic bottleneck [5-10]. Furthermore, silicon photonics is inherently compatible with the 
mature Complementary metal–oxide–semiconductor (CMOS) techniques and is suitable for 
dense integration due to its high refractive index contrast which enables it possible to scale 
down optical devices to hundreds of nanometres [8-9].  
  The first years of silicon photonics, pioneered by Soref, experienced several platforms for 
optical waveguides, such as doped silicon on silicon [11-12], silicon on sapphire [13], 
germanium silicon on silicon [14] and so on. Until 1989 when silicon on insulator (SOI) 
platform [15-16] was first proposed, silicon photonics got tremendous development from then 
on both for passive and active components [8-9]. 
For passive components, large cross section ridge waveguides [17-20] were used due to 
the limitation of fabrication technique and the high coupling efficiency with single mode 
optical fibers in the first few years. With the development of fabrication technique and the 
coupler between single mode waveguide and optical fiber, such as inverse tapers [21-22] and 
grating couplers [23], smaller cross section strip and ridge waveguides were used to realize 
compact integrated photonic chip. Many different spectral filtering components have been 
demonstrated, such as ring resonators [24-26], arrayed waveguide gratings (AWG) [27-28],  
planar echelle diffraction gratings [29] and among others.  
For active components, due to the relatively poor electro-optic properties of silicon, silicon 
modulator did not develop very much before 2004. In 2004, by utilizing resonant enhancement 
of the carrier dispersion effect, research groups from Cornell University and Intel realized 
microring resonator [30] and Mach-Zehnder interferometers [31] modulators, respectively. 
Another challenge for silicon photonics is the on-chip light source. Owing to the indirect 
bandgap of silicon, it does not lase with direct electrical or optical pumping. However, by using 
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Raman oscillation, Intel realized optically pumped single waveguide laser in 2005 [32-33], but 
is limited by the narrow bandwidth and high pump power. Then, Intel in cooperation with 
UCSB realized an electrically pumped AlGaInAs-Si hybrid laser [34] using bonding technique. 
Most recently, a more practical InAs/GaAs quantum dot laser was directly grown on silicon 
substrate by S. Chen et.al in 2016 [35]. For receiving photonically transmitted information,  
Intel realized 31GHz bandwidth detector by using Ge grown on SOI waveguide in 2007 [36], 
and was improved to 42GHz by L. Vivien in 2009 [37]. 
All the above components are just building blocks and can only realize single function 
while the ultimate goal of silicon photonics is to realize monolithic optoelectronic integration. 
Therefore, a number of efforts have been carried out to create true integrated silicon photonic 
circuits by different research groups, such as in 2008 Luxtera and Intel realized 4×10Gb/s [38] 
and 8×25Gb/s [39] transceivers, respectively, C. Chen et. al reported 4×10Gb/s optoelectronic 
transceiver with hybrid laser in 2012 [40], and among others. 
It is known from the above review that waveguides that confine light dominate the research 
in the emerging field of silicon photonics, while planar free space beams are not well 
investigated except in limited wavelength selection devices, such as AWG and echelle gratings. 
Therefore, the investigation of planar free space beams which are often dealt with historically 
in the context of RF antennas and more recently in the context of optical antennas [174-176], 
would be beneficial to silicon photonics. Such planar free space beams have already shown the 
potential applications in the following emerging fields. 
One is the lateral leakage phenomenon in thin-ridge waveguide [94-106]. The working 
principle of such components is that if TM guided mode is excited into the thin-ridge 
waveguide, it will couple to the laterally unguided TE slab modes unless the waveguide width 
is maintained at a resonant value. Such devices are very useful for sensing due to the existence 
of strong evanescent field of TM mode, polarization rotator, and among others. Most recently, 
an optical resonator based on lateral leakage was proposed and theoretically studied by the 
research team at RMIT [105-106]. In order to experimentally realize devices based on lateral 
leakage, devices that can launch, control and collect broad, laterally unguided TE beams are 
needed to interface with traditional waveguide devices. 
Another interesting area is the extensively investigated coupled plasmonic nanoparticles 
arrays. These structures can be used for slow light [137-139], nanofocusing light in the gaps 
between or at the edges of the nanoparticles [140-141], resonantly transporting energy along 
particle chains [142], controlling the phase [143-145] and polarization [144, 146], and 
refracting light at negative angles [143, 145]. All these applications used off-chip optical lenses 
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to launch, collimate, collect and focus Gaussian beam to do analysis. In 2013, Davies et al. [51] 
proposed a novel plasmonic crystal integrated on silicon slab waveguide, but only theoretically 
studied due to the need of methods to launch, control and collect broad beams on-chip.  
1.2 THESIS AIMS 
There are needs for generating, controlling and collecting broad, laterally unguided but 
vertically guided beams, which can be seen from the above short review. Therefore, the aim of 
this thesis is to generate, control and collect broad, laterally unguided TE Gaussian beams in 
slab waveguides by utilizing on-chip optical lenses, and use this platform to demonstrate 
optical resonators based on lateral leakage in thin-ridge waveguides and hybrid integrated 
plasmonic crystals on slab waveguides.  
1.3 THESIS OUTLINE 
The thesis consists five chapters, and each chapter’s content will be addressed in the following. 
The current chapter has introduced the background of the research. The history and 
progress of silicon photonics has been presented. Then the objective of this work has been 
introduced. 
In chapter two, an integrated optical lens which can launch, expand, collimate and focus 
Gaussian beam on planar free space on a SOI chip is realized.  Its propagation loss and 
collimation properties are experimentally investigated. Then the approaches to tune the 
propagation angle of collimated Gaussian beam both continuously and discretely are 
investigated numerically and experimentally. After that, Fourier transform analysis is carried 
out to investigate the relationship between the angle variation and the dimension of optical 
lenses. Then a subwavelength gratings antireflection coating is introduced onto the surfaces of 
the optical lenses, which improves the transmission by about 3dB. Finally, the approach to 
control the collimated Gaussian beam width through introducing an aperture into the optical 
lenses system is discussed. 
  Chapter three experimentally demonstrates a single waveguide optical resonator for the 
first time. A brief review on the lateral leakage phenomenon on the thin-ridge waveguide is 
presented first. Then the working principle and simulation results of the optical resonator based 
on the TE to TM modes conversion are reviewed. Based on the simulation results, chapter three 
then reports on the integration of the devices with the optical lens system from Chapter 2. The 
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chapter reports the characterization of the realized devices and compares these to theoretical 
predictions. 
In chapter four, a hybrid plasmonic crystal integrated on a SOI slab waveguide is 
experimentally demonstrated. A short review on the integration of plasmonic structures with 
optical structures is first given, including an overview of the previous theoretical prediction of 
a hybrid plasmonic crystal coupled to a silicon slab waveguide. The chapter then reports the 
practical realization of this structure and its experimental characterization, using the on-chip 
beam forming system of Chapter 2. The experimental demonstration reveals the second Bragg 
resonance, and the asymmetric transmission when the input and output are swapped, which is 
due to the asymmetry of the metal lattices. The previous theoretical analysis has predicted the 
existence of stop-bands and the strong enhancement of the field coupled to the plasmonic tile 
array when illuminated around its stop-band. This chapter confirms these behaviors 
experimentally and then analyses the observed results numerically with good agreement. By 
utilizing the sharp change on the edges of the stop-bands and the strong optical field 
enhancement properties of the hybrid plasmonic crystal, the sensitivities of the structure to the 
environmental refractive index change and the monolayer thiol molecules are studied, which 
promises its potentials for biosensing applications. 
Chapter five summarizes the major outcomes of this work and gives the suggestions for 
the future work based on this thesis.  
  5 
Chapter 2. PLANAR FREE SPACE OPTICAL LENSES 
2.1 INTRODUCTION 
Single mode optical waveguides [1] realized on silicon-on-insulator (SOI) platforms have 
dominated research in integrated optics in recent years, spanning both passive and active 
optical components [47-49]. While waveguide devices can fulfill many requirements, at times 
unconfined optical beams can be needed. For example, in [50], a very wide slab beam was 
needed to launch into a Fabry-Perot cavity to realize a microwave channelizer. In [51], a slab 
beam has been proposed as a means to couple power to the nanogaps between the tilings of a 
plasmonic array. In [52], a collimated Gaussian beam was needed to realize intra-chip 
communication and, in some cases, a collimated Gaussian beam could be used for imaging 
[53]. Further, it has been shown recently that silicon waveguides can couple tightly confined 
transverse-magnetic (TM) polarized beams to broad, unconfined transverse-electric (TE) 
radiation [54-57]. In order to experimentally observe such phenomena, the generated TE slab 
beam should be collected and analyzed. Therefore, an approach to generate and collect 
unconfined optical beams within a silicon slab is needed. 
Conventionally, isolated optical lenses can be used to generate and collect collimated 
Gaussian beams. Such lenses have a long history and represent a very mature technology. 
However, it can be difficult to couple broad collimated Gaussian beams into compact integrated 
silicon photonic chips due to the unmatched optical field sizes. Several interface techniques 
have been developed, such as prism coupling [58] and direct coupling through fibers [59], 
however, these techniques present drawbacks, such as sensitivity to coupling angles and highly 
complex alignment systems. Recently, hybrid integrated optical lenses [60-61] have received 
much interest. These have partially tackled the above coupling problems, but are not directly 
compatible with modern complementary metal–oxide–semiconductor (CMOS) technology 
[47]. In [52, 62-65] CMOS-compatible optical lenses and beam propagation manipulation have 
been realized by utilizing fluids and photonic crystals, but they need additional complex 
processes and have high propagation loss, which make them impractical for wide range of 
applications. The potential to integrate optical lenses directly with the silicon platform is thus 
worthy of study. This chapter, therefore, aims to provide a simple and CMOS compatible 
platform which can launch and collect collimated Gaussian beams for future applications. 
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2.1.1 Gaussian beam 
 
Figure 2.1. Illustration of a Gaussian beam. 
In order to design a device to launch and collect collimated Gaussian beam, one has to know 
the basic knowledge of the Gaussian beam. From fundamental optics [68], it is known that the 
beam width of a Gaussian beam determines the propagation properties, such as collimation 
length. Figure 2.1 shows the illustration of a Gaussian beam. The collimation length (b) can be 
estimated as two times of Raleigh range (ZR):  
𝑏 = 2𝑍𝑅 =
2𝜋𝑊0
2
𝜆
 (2.1.1) 
where λ is the wavelength of the Gaussian beam.  
        The divergence angle (Θ) can be estimated as: 
Θ ≈ 2
𝜆
𝜋𝑊0
  (2.1.2) 
        From equation (2.1.1) and (2.1.2), it can be seen that the wider the Gaussian beam, the 
longer it can propagate with collimation.  
2.1.2 Chapter organization 
This chapter is organized as follows. Firstly, an integrated lens on a SOI chip, which can expand 
and collimate Gaussian beams which are confined vertically, but are unguided laterally, is 
proposed and demonstrated in Section 2.2. Then the demonstrations of continuous and discrete 
angle variations are reported in Section 2.3 and 2.4, respectively. In Section 2.5, the Fourier 
transform is used to analyze the dependence of angle variation on the input offset, lens radius 
and etching depth are presented. In Section 2.6, subwavelength gratings antireflection coating 
is realized to reduce the extra transmission loss introduced by optical lenses. Section 2.7 
presents the limitation of beam width expansion. And finally, the conclusion of this chapter is 
presented in Section 2.8. The key material of this chapter has been published in reputable 
journals. The material of Section 2.3-2.5 has been published as a conference paper [I] and 
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journal article [II]. The material of Section 2.6 is significant work that will form the basis of 
future publications. 
2.2 EXPAND AND COLLIMATE GAUSSIAN BEAM AT FIXED-ANGLE 
Based on the instruction section, a method to launch and collect collimated Gaussian beams 
was needed. From fundamental optics [68], it is known that if the light source is located at the 
focal spot of a convex optical lens, the light will firstly expand before meeting with the lens, 
and will be collimated after passing through the lens. Vice versa, if another convex lens is used 
as the output lens on the propagation route of the collimated beam, the collimated beam will 
be focused onto the focal spot of the output lens. Thus, it is proposed that if the lenses can be 
integrated onto a chip, they should be able to launch and collect collimated Gaussian beams. 
2.2.1  Working principles 
Figure 2.2 presents the plan and cross section views of a system including integrated optical 
lenses. The optical lens is composed of three parts, namely a grating coupler [67]which couples 
light between a multimode planar waveguide and a single-mode optical fiber, a taper, and a 
pair of planar-convex lenses in the form of two semi-disks. The grating couplers are located at 
the focal spots of each pair of planar-convex lenses. The focal length can be approximated 
using basic lensing theory by [68]: 
𝑓 =
𝑛𝑏𝑅
2(𝑛𝑏−𝑛𝑙)
    (2.2.1) 
where nb is the TE effective index of the un-etched Si slab, R is the radius of the semi-disk, and 
nl is the TE effective index of the etched Si slab.  
If the fundamental TE mode of the waveguide is excited via the grating coupler, it will first 
freely expand along the taper, then it will be collimated by the input pair of planar-convex 
lenses, forming a collimated Gaussian beam that will propagate in vertically confined but 
laterally unguided planar “free space”. The collimated Gaussian beam will then interact with 
device under test (DUT). Finally, the output beam with the information of the DUT will be 
collected and focused by the second optical lens and output via the grating coupler. 
2.2.2 Simulation 
In this section, a numerical simulation is presented in order to validate the proposal in the 
above section. Here, R was set to be 100μm, the etch depth was set to be 75nm and the effective  
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Figure 2.2. (a). Schematics of devices. (b). Measurement setup and device cross section along 
the dotted line. 
 
  
 
 
Figure 2.3. BPM simulation of the integrated optical lens. 
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indices were calculated using transfer matrix method as nb =2.8345 and nl = 2.4769. 
The lens system without DUT was simulated using a two-dimensional beam propagation 
method (BPM) module from RSoft, as shown in Figure 2.3. Since the scattering out of plane, 
calculated by using full-vectorial Maxwell solver CAMFR [173], is only 1.3% at the boundary 
for 1550nm wavelength, 2D BPM is a suitable tool for this simulation. As can be seen from 
the result, the input TE fundamental mode expands from 12μm to be 28μm collimated Gaussian 
beam after passing through the input optical lens. Then it propagates between input and output 
optical lenses until it is focused into the output waveguide after passing through the output 
optical lens. Thus, expansion, collimation and focusing are clearly evident. 
Having predicted numerically that the lens system should expand and collimate Gaussian 
beams, we now explore in the following section whether a practically realized device can in 
fact provide this functionality. 
2.2.3  Fabrication 
This section reports the fabrication of devices similar to those illustrated in Figure 2.2(a) using 
electron-beam lithography (EBL) and reactive ion etching (RIE) approaches on a SOI substrate 
with a 3μm buried oxide layer and a 220nm Si guiding layer. Due to the poor condition of the 
RIE equipment and limited etching gases access at that time, the hard etching mask is required. 
Although single hard mask is sufficient, the SOI wafers covered with 100nm SiO2 and 25nm 
Si3N4 for other projects are used for this work due to the availability. 
The fabrication process flow is shown in Figure 2.4. The SOI substrate was first deposited 
with a 100nm SiO2 and a 25nm Si3N4 as a hard mask. Then, a 240nm 950K polymethyl 
methacrylate (PMMA) layer was spun onto the substrate. The sample was baked on a 180 °C 
hotplate for 2 minutes. A Nabity EBL system, utilizing an FEI Nova NanoSEM, was used to 
define the patterns. Following this, a Plasma 200 RIE system was used to transfer the patterns 
first onto the hard mask by utilizing CF4 gas then onto the silicon layer by CF4/O2. Finally, the 
SiO2 and Si3N4 hard mask layers were removed in HF solvent.  
Figure 2.5 shows the scanning electron microscope (SEM) image of one of the fabricated 
devices. A magnified image of a grating coupler with period 630nm and filling factor 53% is 
also shown. The etch depth was measured to be 75 nm. 
2.2.4  Characterization 
Devices with different collimated free space propagation lengths were fabricated for the  
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Figure 2.4. Fabrication process. (a) clean substrate. (b) deposit 100nm SiO2 and 25nm Si3N4 
using PECVD. (c) coat PMMA EBL resist. (d) EBL write patterns and develop. (e) RIE etch 
Si3N4. (f) RIE etch SiO2. (g) remove EBL resist. (h) RIE etch Si. (i) remove SiO2 and Si3N4 
hard masks. 
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Figure 2.5. Scanning electron microscope image of fabricated devices. (Zoomed in: 
grating coupler) 
 
characterization of the propagation losses and the beam quality in the free space. An SEM 
image of the fabricated devices can be seen in Figure 2.7. 
First, the propagation losses of the fabricated devices were measured using a grating 
coupler measurement setup [69], as shown in Figure 2.6. An input fiber at 10° with respect to 
the vertical axis was used to couple TE-polarized light into the input grating couplers. Light 
radiated from the output grating couplers was collected by another single-mode fiber, which is 
also at 10° to the vertical axis, and was measured by an optical photodetector. 
Figure 2.8 shows the measured transmission spectra of lens devices with different free 
space lengths. Also shown in Figure 2.8 is the transmission spectrum of two grating couplers 
connected by a short section of 900um long and 15um wide slab. Each curve in Figure 2.8 is 
the average of the measured results of three different devices with the same configuration. As 
can be seen in Figure 2.8, the maximum transmission of the two grating couplers connected  
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Figure 2.6. Grating coupler measurement setup. (a) The light coming out from the tunable 
laser was coupled to the device under test (DUT) through the input grating coupler. The light 
was controlled to be TE by using polarization controller (Pol). The output light was collected 
by photo detector (PD) through output grating coupler. Both laser and photo detector were 
connected to a computer (PC) by using GPIB, which can control the wavelength scanning 
and output power measurement simultaneously.  (b) The actual image of grating couplers 
measurement setup. 
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Figure 2.7. SEM images of fabricated lenses with fixed input/output grating couplers. 
 
 
 
Figure 2.8. Measured results of optical lenses transmission spectra with different planar 
region lengths. 
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Figure 2.9. (a). Measurement setup; (b). Optical fields captured from IR-camera and 
corresponding beam widths at 1/e. 
 
by a slab section is approximately -6 dB, which is the typical value for the designed grating 
couplers [17]. Compared to the directly connected couplers, the optical lenses introduce 
approximately 3dB extra loss for different distances between the input and output lenses. 
Causes for this 3dB extra loss will be investigated in Section 2.6. The minor differences among 
using different free-space lengths could be attributed to alignment errors or environmental 
perturbations during measurements, or the minor differences among the fabricated devices. 
   In order to characterize the expansion and collimation of the generated beam by the input 
lenses, the optical field at different locations in the planar region between the input and output 
optical lenses was analyzed. The devices were first cleaved at different locations in the planar 
region, and then the facets were polished. The optical fields were imaged onto an infrared 
camera (IR-C) through an objective lens (OBJ). The measurement setup is illustrated in Figure 
2.9(a). 
The optical fields captured at different locations of the planar free space by the IR-C are 
shown in Figure 2.9 (b). The corresponding beam widths at 1/e are also shown. It can be seen 
from Figure 2.9 (b) that the optical fields generated by the input lens can be approximated as 
Gaussian beams. The imperfection of the Gaussian beam shapes can be attributed to the non-
perfect Gaussian shape of the input field due to the excitation of high-order modes in the input 
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FL = 54μm FL = 154μm FL = 254μm FL = 754μm 
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slab waveguide. The limited aperture size of the lenses and sidewall roughness may also cause 
diffraction of the beam. 
The 1/e beam widths at different locations (from 54μm to 754μm in the planar region) are 
maintained between 26 and 28μm. Therefore, the beam from a single-mode input fiber with 
beam width at 1/e around 10.4μm has been expanded and collimated. 
2.2.5 Summary 
In this section, an integrated optical lens was proposed, numerically studied and experimentally 
demonstrated on a SOI chip. The optical lens can expand the incident beam from 10.4μm to 
28μm, and maintain the collimation property in more than 750μm propagation distance. 
2.3 CONTINUOUSLY TUNED GAUSSIAN BEAM PROPAGATION ANGLES 
In Section 2.2, optical lenses were successfully fabricated and characterized. However, the 
collimated beams were fixed to propagate only along the device axis. It may be desirable to 
adjust the collimated beam such that it can propagate at some arbitrary angles. This Section 
explores an approach to enable adjustments of the beam propagation angle.  
2.3.1     Design and simulation  
It may be possible to vary the beam propagation angle by changing the location of the input 
excitation on the input grating coupler. This could be achieved by removing the tapers between 
the grating couplers and the optical lenses, as illustrated in the simulation results in Figure 2.10. 
By translating the input excitation perpendicular to the axis of propagation at the focal plane, 
we can position the collimated beam to propagate at an angle θ=x0/f, where x0 is the lateral 
translation and f is the focal length of the lens [70]. The output beam could be collected at a 
corresponding location on the output grating coupler.  
This proposal was tested by removing the input and output waveguides and tapers beneath 
the grating couplers and simply allowing the beam to expand freely until it encountered the 
integrated lenses. This geometry was simulated using BPM with different input excitation 
locations (offsets from the center of the input grating coupler by x0=+40μm and -40μm, 
respectively). The results are presented in Figure 2.10. Translation of the input clearly results 
in reorientation of the collimated beam with the output focused to a location corresponding to 
the input. The collimated beam still retains a Gaussian shape. 
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Figure 2.10. Simulation results of optical field propagation with different incident location, 
i.e. down 40µm, center and up 40µm. 
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Figure 2.11. SEM images of fabricated lenses with continuously variable input/output grating 
couplers 
 
 
 
 
 
Figure 2.12. Measured results of optical lenses with different input positions. 
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2.3.2     Fabrication and measurement  
To validate this predicted behavior experimentally, the device with the similar configuration 
with that in Figure 2.5 but without taper or input/output waveguides were fabricated by using 
the fabrication method shown in Figure 2.4. The SEM images are shown in Figure 2.11. 
Using the same measurement setup as shown in Figure 2.6, the measured transmission 
spectra at different input locations are shown Figure 2.12. Measurements were conducted with 
the input and output fibers at complementary positions on the input and output grating couplers. 
Figure 2.12 shows the measured power transmission spectra of the fabricated devices for 
different input/output fiber positions. As can be seen, the fiber-to-fiber transmission losses are 
almost the same for each different location. The minor differences could be caused by the 
alignment errors, or the environmental perturbations during the measurements.  The extra 
5dB transmission loss compared with Figure 2.8 is introduced by the lack of the light 
confinement along the grating coupler direction when coupling light into or out of grating 
couplers. The beam propagation angle can be estimated from the input location offset and the 
lens dimensions. In order to enlarge the angle varication range, larger input offset should be 
used. On the other hand, in order to increase the angle variation resolution, a larger radius of 
the semi-disks should be used, which would decrease the angle variation step for the same input 
offset compared with that for smaller radius lenses. However, due to the large size difference 
between the optical fibers and the grating couplers, precise input location offsets on the grating 
couplers is difficult to control. Therefore, a new approach is needed to demonstrate the 
relationship between the offset of incident location and the collimated beam propagation angle 
between input and output optical lenses. 
2.3.3 Summary 
In this section, an optical lens that can tune the propagation direction of the collimated Gaussian 
beam was proposed and experimentally realized. By utilizing the optical lens, an arbitrary 
propagation angle can be roughly realized. 
2.4 DISCRETELY TUNED GAUSSIAN BEAM PROPAGATION ANGLES 
The results of Figure 2.12 showed that arbitrary adjustment of the angle of a collimated beam 
could be achieved by translating the input/output optical fibers. However, precise quantitative 
positioning of these fibers was found to be problematic. Thus, this Section explores a discrete 
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Figure 2.13. Simulation results of optical field propagation between corresponding input and 
output channels. 
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Figure 2.14. SEM images of fabricated lenses with three discrete input/output grating 
couplers (the other additional two channels are dose test structures) 
 
 
 
 
Figure 2.15. Measured results of optical lenses with different input/output positions. 
 
 
 
 
    
 
 
200µm 
1µm 
630nm 
20µm 
ChM 
ChT 
ChB 
12dB 
15dB 
27dB 
 Chapter 2 Planar free space optical lenses 
21 
 
technique, which achieves precision at the expense of flexibility 
2.4.1     Design and simulation 
In order to quantify the relationship between input offset and the angle variation, a discrete set 
of waveguides was added at specific lateral locations beneath the input and output grating 
couplers. The beam propagation between the two lenses can be estimated as: 
)2(2
2
tan 1
dRFL
s

      (2.4.1) 
where s is the separation between two adjacent slab waveguides, which was set to be s =40μm, 
FL is the distance between input and output lenses, R is the radius of semi-disk, and d is the 
separation between two semi-disk of optical lenses. A BPM analysis of excitation of each of 
these waveguides is presented in Figure 2.13 showing that discrete angle propagation of 
Gaussian beams can be achieved. 
2.4.2     Fabrication and measurement 
Utilizing the same fabrication process as in Section 2.2.2, devices with discrete input and output 
waveguides and grating couplers were fabricated. SEM images of the fabricated devices are 
shown in Figure 2.14. The fabricated samples were characterized as described in Section 2.2.3. 
The measured transmission spectra are shown in Figure 2.15, with different pairs of Top, 
Middle and Bottom waveguides (ChT, ChM, ChB) excited and monitored. 
The transmission between corresponding pairs of input and output waveguides shows 
uniform transmission efficiency equivalent to that observed in Figure 2.8 and Figure 2.12. The 
cross-talk between mis-matched channels is suppressed by more than 15 dB over the 
wavelength range 1550nm to 1640nm. 
2.4.3 Summary 
In this section, an optical lens that can discretely tune the propagation angle of the collimated 
Gaussian beam was realized. By using this optical lens structure, the specific propagation angle 
can be realized. 
2.5 FOURIER TRANSFORMATION ANALYSIS 
In section 2.3 and 2.4, the continuous and discrete angle tuning have been demonstrated 
experimentally, but the factors determining the angle tuning has not been analyzed completely 
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This section analyses the relationship between the angle of the beam and the lateral offset using 
Fourier optics [70]. Using this approach, it is possible to determine the offset required for a 
desired angle of propagation. 
The input Gaussian beam can be expressed as follows: 
          f(x) =
1
σ√2π
e
−
(x−x0)
2
2σ2            (2.5.1) 
where beam width =2√2σ, and x0 is the offset of incident position. The Fourier transform of 
equation (2.5.1) is: 
F(νx) = ∫ f(x)e
j2πνxxdx
+∞
−∞
 
      = exp(−j2πνxx0)         
                    × exp⁡(−2π2σ2νx
2)      (2.5.2) 
The effect of the optical lens can be expressed as mathematical transform: 
          flens(x) = e
(−jπ
x2
λf
+j
2πnl
λ
d)
          (2.5.3) 
where d is the thickness and f is the focal length of the optical lens, nb is the TE effective index 
of the un-etched Si slab, λ is the input light wavelength, and nl is the TE effective index of the 
etched Si slab. 
The Fourier transform of the effect of propagating for focal length in planar free space 
can be expressed as: 
      H(νx) = 𝑒
(𝑗
2𝜋
λ
𝑛𝑏𝑓+𝑗𝜋λ𝑓𝑣𝑥
2)
     (2.5.4) 
Combining equations (2.5.2) – (2.5.4), the final collimated beam after propagating focal length 
in planar free space and passing through the optical lens can be expressed as: 
         g(x) = 𝑓𝑙𝑒𝑛𝑠(𝑥) ∗ 𝐻 (
x
λf
) ∗ F(
x
λf
)      (2.5.5) 
Submitting (2.5.2) - (2.5.4) into (2.5.5), produces the propagation equation of collimated 
Gaussian beam: 
g(x) = ej
2π
λ
(nbf+nld) 
  × exp⁡(−
2π2σ2
λ2f2
x2) 
               × exp⁡(−j
2πx0
λf
x)          (2.5.6) 
As can be seen from the above expression, the final collimated beam is still a Gaussian beam 
which is propagating in the angle of  
            θ =
𝑥0
𝑓
=
2(𝑛𝑏−𝑛𝑙)
𝑛𝑏𝑅
𝑥0                            (2.5.7) 
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Figure 2.16. Theoretical analysis of angle tuning limitations.  (a) incident offset (< 100μm) 
effect on propagation angle tuning limitation (R=100μm, etch depth=75nm). (b) semi-disk 
radius on propagation angle tuning limitation (etch depth=75nm, offset < R). (c) etch depth 
(R=100μm, offset < R) on propagation angle tuning limitation. 
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Based on equation (2.5.7), the dependence of angle variations of optical lensed on offset, 
lens radius and etch depth were theoretically investigated, which can be seen from Figure 
2.16. 
2.6 SUBWAVELENGTH GRATINGS ANTIREFLECTION COATING 
From the measurement results in Figure 2.8, the optical lenses introduced about 3dB extra loss 
compared with that of slab waveguide which should be due to the scattering of the light from 
the effective refractive index change at the interface of etched and un-etched areas. In this 
section, a region which has an intermediate effective refractive index is formed by interleaving 
subwavelength features of etched and un-etched material. This average material would be 
introduced at the interface, which should be able to improve the transmission of optical lenses. 
2.6.1     Design 
In order to reduce the reflection at the interface caused by the difference of refractive indices, 
Antireflection films have been applied on optical lenses and other optical elements by utilizing 
sputtering or evaporation techniques. Such techniques applied single or multi-layers of material 
whose refractive index sits between those of interface ones. But it is difficult to realize an ideal 
Antireflection film due to the limitation of available materials. Recently, a type of biomimicry 
antireflection structure based on subwavelength gratings has been extensively investigated [71-
84]. The definition of a subwavelength grating is that its period is sufficiently smaller than the 
incident light. Thus, the subwavelength gratings can be treated as a uniform layer according to 
the effective medium theory [85], whose optical properties are determined by its grating 
geometry. Therefore, the refractive index of subwavelength gratings can be modulated through 
tuning their periods and filling factors (FFs). The subwavelength gratings based Antireflection 
structures found its widely applications in the solar cell area [81-84] and most of them, 
however, are based on bulk materials. Most recently, J.H. Schmid et. al. [86] have demonstrated 
subwavelength gratings act as an Antireflection film on the facets of SOI waveguides which is 
a potential promising for on-chip applications. 
For a one-dimensional surface subwavelength grating, the first-order expression of 
effective refractive index for transverse electric (TE) mode, according to the effective medium 
theory, is given by [87-88]:  
22 *)1(* lbeff nFFnFFn    (2.6.1) 
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where FF is the filling factor of subwavelength gratings,  nb is the TE effective index of the 
un-etched silicon slab, and nl is the TE effective index of the etched silicon slab 
From thin film theory, for a single-layer interference antireflection coating for light crossing 
the boundary between the etched and un-etched regions, the refractive index and the film 
thickness should be 
lbeff nnn *   (2.6.2) 
effn
h
*4


    (2.6.3) 
According to the definition of subwavelength gratings, the period should be small enough 
which can be expressed as [89] 
 lblb nnnn ,maxsin*],[ 



  (2.6.4) 
  For wavelength 1550nm and incident angle θ ≤ 10 degrees, using the above equations, the 
optimum subwavelength gratings filling factor, tooth height and the maximum period were 
found to be FF = 0.47, h=146nm and Λ≤466nm. In this work, the subwavelength gratings 
height and the period were chosen to be 150nm and 385nm, respectively. 
2.6.2     Fabrication 
Due to the high resolution requirement of subwavelength gratings, new fabrication equipment 
is required and a new process flow is developed using the facilities at Melbourne Center of 
Nanofabrication (MCN) and Micro Nano Research Facility (MNRF) at RMIT University, 
which is illustrated in  Figure 2.17.  
The devices were fabricated by using one step EBL and RIE. Firstly, the pattern was 
transferred to 400nm thick ZEP520A EBL resist layer coated on SOI substrate with 220nm Si 
guiding layer and 3µm BOX layer by utilizing Vistec 5000Plus EBL system. Then the patterns 
were transferred to the silicon guiding layer by using Oxford PlasmaPro 100 RIE system. 
Finally, the residual ZEP520A resist was removed by the combination of oxygen plasma and 
ZEP remover solvent. The SEM images are shown in Figure 2.18. 
It was predicted using Equations (2.6.1) and (2.6.2) that the optimum FF for best 
antireflection, i.e. best transmission performance of optical lenses, has been obtained as 0.47. 
Several devices were prepared with the same configuration as shown in Figure 2.18 but 
different FFs. Table 2.1 presents the height, period and filling factor for three fabricated  
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Figure 2.17. New fabrication process. (a) clean substrate. (b) coat ZEP520A EBL resist. (c) 
EBL write patterns and develop. (d) RIE etch Si. (e) remove ZEP520A residuals. 
 
 
Figure 2.18. SEM images of subwavelength gratings on the surfaces of optical lenses. 
 
(a) (b) (c) (d) (e) 
Si SiO2 ZEP520A 
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Table 2.1. Comparison of subwavelength gratings between design and fabrication 
 
 Design Fabrication 
h (nm) 150 145.7 
150 153.8 
150 153.8 
Λ (nm) 385 383.1 
385 383.1 
385 383.1 
FF 0.41 0.42 
0.47 0.48 
0.53 0.54 
 
 
 
 
Figure 2.19. Comparison of fixed angle transmission spectra for optical lenses with 
subwavelength gratings antireflection coating with different FF and the one without 
subwavelength gratings antireflection coating. 
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Figure 2.20. SEM images of fabricated optical lenses with discrete input/output ports. ChT: 
top waveguide, ChM: middle waveguide and ChB: bottom waveguides 
 
devices. The nominal values and the measured values of the realized devices are both presented. 
As can be seen from the experimentally measured geometric parameters reported in Table 2.1, 
the height of SWGs can be maintained in the ±10nm fabrication tolerance, while the FFs were 
slightly larger than the nominal values. 
2.6.3     Measurement of the subwavelength grating antireflection features at normal 
incidence 
These fabricated devices were characterized by measuring their transmission spectra using the 
same measurement setup as shown in Figure 2.6. The measured transmission spectra for 
different devices with different filling factors are shown in Figure 2.19. The device with 
subwavelength gratings antireflection coating on the surfaces of optical lenses with FF = 0.48 
has the best transmission performance, which is about 2dB better than the other two devices 
with subwavelength gratings antireflection coating with filling factor equal to 0.42 and 0.54 
respectively, and 3dB better than the device without subwavelength gratings antireflection 
coating over 100nm wavelength range. The measured results agree with the theoretical 
prediction of the optimum filling factor of subwavelength gratings antireflection coating. The 
extra transmission loss compared with that of in Figure 2.8 is due to the fact that new etching 
equipment was used and the etching quality is not optimized, which introduced high sidewall 
roughness on etched areas. The investigation of the impact of filling factor will be carried out 
in the near future due to the lack of the ability for three-dimensional simulation for large curved 
devices. 
200µm 
1µm 
630nm 
20µm 
ChM 
ChT 
ChB 
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Figure 2.21. Comparison of ChM to ChM transmission spectra of optical lenses with/without 
SWGs AR coating. 
 
 
Figure 2.22. Comparison of bottom input channel (ChB) to top output channel (ChT) 
transmission ChB-ChT and cross talk ChB-ChM (bottom input channel (ChB) to middle 
output channel (ChM)) spectra of optical lenses with/without SWGs AR coating. 
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2.6.4     Measurement of the subwavelength grating antireflection features at angled 
incidence 
In order to investigate the dependence of input angle versus transmission and cross-talk for 
subwavelength gratings coated optical lenses devices, new devices with angle inputs were 
fabricated. 
From Sections 2.3 and 2.4, it was known that both continuous and discrete angle variations 
of collimated Gaussian beam can be launched by removing the tapers between grating couplers 
and optical lenses. But here only devices which can launch discretely-angled collimated 
Gaussian beam were fabricated as can be seen in Figure 2.20 to investigate the dependence of 
transmission and cross-talk on incident angles. 
Due to the symmetry of the device, ChT-ChB transmission spectrum is similar to that of 
ChB-ChT. Therefore, only measured results for ChM-ChM and ChB-ChT with its cross talk 
are shown in Figure 2.21 and Figure 2.22. The ChM-ChM and the ChB-ChT transmissions of 
AR SWGs coated devices are 3dB better than those of without AR SWGs over more 
than100nm wavelength range. The cross talk for ChM-ChM is too weak to be measured for its 
normal incidence. For ChB-ChT, the cross talk suppression for AR SWGs coated device is 
about 3dB better than that of without AR SWGs coated one, i.e. 14dB compared with 11dB at 
1580nm wavelength, which should be attributed to the improvement on transmission.  
2.6.5 Summary 
In this section, a subwavelength grating was introduced onto the surfaces of optical lenses to 
reduce the extra 3dB loss measured in Section 2.3. The experimental results revealed that the 
transmission was improved by about 3dB for normal and angled incidences as expected. 
However, the reduction of the Fresnel reflection induced transmission loss for 75nm etch depth 
on 220 silicon layer is surprisingly good and cannot explained by Fresnel effects alone. By 
using full-vectorial Maxwell solver CAMFR [173], the scattering out of plane is calculated to 
be 1.3% at the boundary for 1550nm wavelength, which cannot also explain the improvement. 
It would be worth to investigate whether any unusual losses are being incurred, potentially due 
to total internal reflection of the TE beam, or by conversion of the TE to TM beam, launching 
a whispering gallery mode. The investigation of the causes will be carried out in the near future 
due to the lack of the ability for three-dimensional simulation for large curved devices.  
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2.7 ANALYSIS OF BEAM WIDTH EXPANSION 
In Sections 2.2 to 2.6, the integrated optical lenses which can expand the incident beam from 
the input optical fiber with beam width of 12µm to the collimated Gaussian beam in the planar 
slab with width of about 28µm have been realized. Sometime, however, different beam widths 
are needed. Therefore, a solution to control the Gaussian beam width is required. From the 
diffraction theory, it is known that the beam width depends on the aperture size. If the aperture 
size changes, the output beam width will change accordingly. Therefore, the following 
structure, as shown in Figure 2.23, was proposed to tune the beam width. 
In the structure, an aperture was used to replace the input waveguide and the output end of 
the aperture has to be at the focal spot of the lens. From the basic geometry relationship in the 
above figure, one can obtain: 
tan 𝜃 =
𝑊−𝑁𝐴
2(𝑓−𝑅−
𝑑
2
)
  (2.7.1) 
where θ is the divergence angle of Gaussian beam coming out from the aperture, W is the 
desired beam width, NA is the aperture width, R is the radius of optical lens, f is the focal length 
of optical lens, and d is the distance between the two semi-disk optical lenses. 
 From geometrical optics, the dependence of Gaussian divergence angle on the aperture 
size can be obtained as follows [90]: 
𝜃 =
2𝜆
𝜋𝑁𝐴
     (2.7.2) 
Substituting (2.7.2) into (2.7.1), one can get relationship between beam width and aperture size. 
tan
2𝜆
𝜋𝑁𝐴
=
𝑊−𝑁𝐴
2(𝑓−𝑅−
𝑑
2
)
   (2.7.3) 
 For example, if a 400µm wide Gaussian beam is needed, and set the lens radius to be 
400µm to let the lens to be at least twice the beam width, the aperture size can be obtained as 
NA ≈ 5.96μm. In order to validate the calculation, a BPM simulation was carried out which 
can be seen from Figure 2.24. In the simulation, the input aperture was set to be 5.96μm, the 
lens radius to be 400μm, and the etch depth to be the same as previous ones, i.e. 75nm. The 
simulated Gaussian beam width after collimation is 400μm, which demonstrates the theoretical 
calculation. 
 For a practical optical lens with an aperture, a focusing grating coupler [87] should be used 
to efficiently couple light from an optical fiber into a single mode waveguide, and an adiabatic 
taper should be used to connect single mode waveguide and the aperture waveguide. Such 
devices will be explored further in subsequent chapters in the context of applications requiring  
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Figure 2.23. Design of aperture. 
 
 
 
 
 
Figure 2.24. BPM simulation result of optical lenses which expand beam width to be 
400µm. 
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broad and coherent Gaussian beams. 
2.8 CONCLUSIONS 
In this chapter, two-dimensional optical lenses integrated on SOI platform have been proposed, 
fabricated and characterized. The optical lenses can expand (from 10.4μm to about 28μm 
width) and also collimate Gaussian beams. Also, if the tapers between the optical lenses and 
the grating couplers are removed, the propagation angle of the collimated Gaussian beams can 
be varied continuously or discretely. In order to reduce the Fresnel reflection at the interfaces 
between etch and un-etched areas on optical lenses, a subwavelength grating antireflection 
coating was introduced, which improved the transmission by about 3dB compared with those 
without.  However, the reduction of the Fresnel reflection induced transmission loss for 75nm 
etch depth on 220 silicon layer is surprisingly good and cannot be explained by Fresnel effects 
alone. It would worth to investigate whether any unusual losses are being incurred, potentially 
due to total internal reflection of the TE beam, or by the coupling between TE and TM beams, 
launching a whispering gallery mode [99]. This work will be carried out in the near future. At 
the end, the method to widen beam width was introduced, which will find its application in the 
following chapter. 
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Chapter 3. EXPERIMENTAL DEMONSTRATION OF              
THIN-RIDGE WAVEGUIDE RESONATOR 
3.1 INTRODUCTION 
The fundamental elements of integrated silicon photonic chips are optical waveguides. And the 
most commonly used SOI waveguides are strip and ridge waveguides operating at TE mode. 
Due to the high index contrast between silicon core and the silicon slab, the TE mode is 
confined tightly in the silicon waveguide core, which allows compact integration with low loss. 
However, because of the tight confinement, the evanescent field of TE mode is much weaker 
than that of TM mode. To illustrate this point, Figure 3.1 presents the fundamental modes in 
both the TE and TM polarizations for a silicon slab with thickness 220nm.  The electric field 
of the TE mode is continuous across the core/cladding boundary with the majority of the field 
confined to the core.  Conversely, the electric field of the TM mode has significant 
discontinuity at the boundary, with significant electric field seen outside the core. In some 
circumstances, such as optical sensors [92-93] and hybrid integration [8], a strong evanescent 
field is desirable. In addition, for the lateral electrical access to the optical mode region in active 
devices and reducing propagation loss introduced by sidewall roughness, ridge waveguides can 
be advantageous, especially those formed in thin films of silicon with very shallow ridges. 
Therefore, thin-ridge silicon waveguide operating at TM mode is an interesting topic. However, 
numerical [94-96] and experimental [97] studies revealed that the propagation loss of TM mode 
in a thin-ridge waveguide depends strongly on its width due to the coupling between the guided 
TM mode in the waveguide core and the unconfined TE slab modes no matter how perfectly 
smooth and straight of the waveguides would be. The TM guided mode can have low loss at 
some specific waveguide widths. The width dependent propagation loss, also called lateral 
leakage, is not present for the TE guided mode due to the fact that the refractive indices of 
guided TM like modes in the thin-ridge waveguides are lower than that of unconfined TE like 
modes in slab. Therefore, TM mode can phase match with TE slab modes, which leads to the 
coupling from TM to TE modes. A significant body of theoretical investigation has been 
conducted on this lateral leakage phenomenon over the past few years by the team at RMIT 
University [100, 102-103]  and by others [97, 107-108] .  
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Figure 3.1. The electric field of the fundamental modes of a silicon thin film of thickness 
220nm between claddings of Air above and SiO2 below. Both TE (electric field parallel to the 
material stack) and TM (magnetic field parallel to the material stack) polarizations are shown. 
 
 Perhaps surprisingly, it is possible to consider this phenomenon in reverse. Consider 
launching an incident TE slab mode toward a thin, shallow ridge waveguide at an angle that is 
phased matched with the guided TM mode of this ridge. One might imagine that such a TE 
slab mode could couple into TM guided mode.  The investigation of this behavior was the topic 
of a PhD thesis by Dr. K. Yego at RMIT [106].  
 During the investigation of the coupling from the incident TE slab modes to TM guided 
mode in a waveguide, a new resonance phenomenon has been theoretically predicted. 
Theoretical simulations of the interaction between a TE slab mode and a TM guided mode in 
a thin-ridge waveguide have predicted strong resonant reflections when the TE slab mode is 
launched at an angle that phase matches the TM mode [105]. The team that discovered this 
phenomenon has applied for patent protection [105] and is pursuing commercialization, 
however this work has yet to be published. Further, this resonance has only been predicted 
theoretically, with experimental validation requiring the ridges to be illuminated with highly 
coherent and wide beams in the TE mode. The experimental observation of this phenomenon 
is an excellent opportunity to demonstrate the utility of the integrated ‘free space’ beams of 
Chapter 2.   
Air Si SiO2 
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This chapter aims to present the first experimental observation of previously predicated ridge 
resonance. The lateral leakage effect is firstly introduced, followed by a brief review of the 
reported applications for this effect. Then, the recently discovered thin-ridge waveguide optical 
resonator is described and an overview of the numerical simulations that predict this effect are 
presented. Based on this background, experimental demonstration of this effect is attempted 
using the on chip ‘free space’ beams of Chapter 2.  The observations of resonance behavior are 
presented and analyzed. Finally, a short summary is presented with avenues for improvement 
identified.  
The key material of this chapter in combination with the content in [105-106] will form the 
basis for publications in the near future.  
3.2 LATERAL LEAKAGE IN THIN-RIDGE WAVEGUIDES 
From the previous work of [97], it is known that the propagation loss of TM guided mode in 
thin-ridge waveguide is width dependent, which is due to the coupling between TM guided 
mode and the TE slab modes. In this section, the working principles and recent progress in 
research on the lateral leakage in thin-ridge waveguides is reviewed. 
Figure 3.2 shows the refractive indices of fundamental TE and TM modes of a SOI slab as 
a function of slab thickness, calculated using a simple 1D mode solver [98]. Using approximate 
effective index method, it is possible to consider how a ridge waveguide might be formed (as 
illustrated in the inset of Figure 3.2), with core and cladding effective index due to slab 
thicknesses t1 = 220nm and t2 = 145nm (due to a 75nm etch depth) as indicated.  It is clear that 
the effective index of the TE mode will be between about 2.45 and 2.8 and the effective index 
of the TM guided mode will be between about 1.5 and 1.8. This significant difference in 
effective index will mean that it would be very difficult to couple these two modes.  
In orders for the TE and TM modes to couple to each other, their phase velocities, or 
propagation constants, or effective indices should be the same. In addition, it is necessary for 
the TE and TM modes to be non-orthogonal. Being Eigen modes of the same system, the guided 
TE and TM modes of the ridge waveguide in the inset of Figure 3.2 must always be orthogonal 
and thus could only be coupled if the system were perturbed. It may, however, be possible for 
coupling to occur between one of the Eigen modes of the ridge waveguide and some other non-
Eigen mode waveform.  The criteria for coupling to occur is that these two waves must be 
simultaneously phase matched and non-orthogonal. 
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A phase matching diagram for TE to TM waves is illustrated in Figure 3.3(a). When the 
k-vectors of the TE unguided slab mode at clad region 𝑘𝑇𝐸
(𝑐𝑙𝑎𝑑)
 are oriented along the 
propagation axis (z), then total internal reflection can occur and so these can be guided Eigen 
modes. As can be seen, when both waves are oriented to propagate along the z-axis, the 
propagation constant of TE guided mode βTE is much higher than that of TM guided mode βTM. 
However, if propagation direct of the TE wave is rotated beyond the critical angle so that it is 
no longer guided, then there is a specific angle θ where its propagation constant component in 
z axis equals to the propagation constant of guide TM mode. In this case the guided TM mode 
phase matches with the TE slab mode along the propagation direction. Hence, it can couple to 
the TE slab modes.. 
Figure 3.3(b) illustrates the coupling process from guided TM mode to the TE slab mode. 
As can be seen the guided TM mode is launched into the thin-ridge waveguide. The angle of 
incidence is such that TM total internal reflection occurs. However, when the TM mode 
bounces back and forth inside the waveguide, TM/TE conversion occurs at each ridge wall due 
to the step discontinuity [94-96]. It has been shown that the TE transmitted and reflected 
propagating waves generated by TM/TE conversion at each step discontinuity have equal 
amplitude and π phase difference [96, 98]. At the left ridge wall, the TM mode generates 
additional transmitted and reflected propagating TE slab mode waves. The new transmitted TE 
wave, with a relative phase of π, will be superimposed with the previously reflected TE wave 
that has moved across the waveguide width and gained a phase shift of 𝑘𝑦𝑛𝑒𝑓𝑓,⁡⁡⁡𝑇𝐸
(𝑐𝑜𝑟𝑒)
𝑊. 
Therefore, if this phase due to a single traverse of the waveguide core in the TE mode is a 
multiple of 2π, the TE waves will interfere destructively and the leakage loss will be cancelled. 
This leads to a width dependence for the leakage minima that satisfies a resonance like 
condition [96] and can be expressed as [98]: 
𝑊 =
(𝑚 + ∆∅/(2𝜋))𝜆
√⁡(𝑛𝑒𝑓𝑓,⁡⁡⁡𝑇𝐸
(𝑐𝑜𝑟𝑒)
)2 − (𝑁𝑒𝑓𝑓,⁡⁡⁡𝑇𝑀)2
⁡⁡ , 𝑚 = 1,2,3… 
where W is the waveguide width; ∆∅ is the phase difference between transmitted and reflected 
TE beams; 𝜆 is the wavelength; ⁡𝑛𝑒𝑓𝑓,⁡⁡⁡𝑇𝐸
(𝑐𝑜𝑟𝑒)
 is the effective refractive index of unguided TE slab 
mode; 𝑁𝑒𝑓𝑓,⁡⁡⁡𝑇𝑀⁡is the effective index of guided TM mode. The waveguide width where the 
resonant condition is satisfied is called the “magic” width.  
In order to demonstrate the dependence of the TM mode loss on the waveguide width, a  
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Figure 3.2. The slab mode refractive indices for TE and TM fundamental slab modes with 
different slab thicknesses at 1550nm wavelength. TE and TM slab modes were denoted as TE 
and TM modes in this thesis, respectively (inset: cross section view of a thin-ridge 
waveguide).  
 
Figure 3.3. (a) Phase-matching diagram showing the guided TM waveguide mode phase 
matched to the unconfined TE slab modes in the lateral slab. (b) Illustration of the coupling 
process from TM guided mode to the TE slab mode. 
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Figure 3.4. Simulated dependence of the guided TM mode propagation loss on the thin-ridge 
waveguide widths with 220nm Si guiding layer and 75nm etch depth at 1550nm wavelength. 
 
 
Figure 3.5. Electric field distribution of the guided fundamental TM mode for 1.0μm (a) and 
0.72μm (b) wide thin-ridge waveguides at 1550nm wavelength. 
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simulation was carried out using a full vectorial film mode matching method [98]. Figure 3.4 
shows the simulation result. As can be seen from the result, there is indeed resonant behavior 
for the TM mode loss versus waveguide width. The “magic” widths are about 0.72μm and 
1.43μm. The experimental results in [97] demonstrated good agreement with this theoretical 
prediction. 
 Figure 3.5 shows the optical field distribution for “non-magic” width waveguide and 
“magic” width leakage waveguide, respectively. It can be seen from the result that Ex (TM) is 
almost ten times stronger than that of Ey (TE), which means it is not pure TM mode but is a 
TM like mode. The Ex for both waveguides is almost the same, being tightly confined in the 
waveguide core. When considering Ey, however, the situation is very different: there is strong, 
unconfined radiation for “non-magic” width while no such radiation is evident for the “magic” 
width waveguide. Similar observation can be made for Ez, since the TE slab mode propagates 
at an angle to the z-axis, and thus has a significant component of its transverse field projected 
onto the z-axis. 
 Based on the aforementioned surprising coupling between guided TM mode and unguided 
TE slab mode, several interesting works were carried out by the researchers from RMIT 
University, such as lateral leakage in TM-like whispering gallery mode of thin-ridge SOI disk 
resonators [99], lateral leakage of TM-like mode in thin-ridge SOI bent waveguides and ring 
resonators [100], thin-ridge SOI waveguides with directional control of lateral leakage 
radiation [101], thin-ridge SOI waveguide transitions and tapers [102], adiabatic quantum gates 
with a long-range optical bus by using lateral leakage of TM-like mode in thin-ridge SOI 
waveguides [103], compact broadband polarizer based on lateral leakage in thin-ridge SOI 
waveguides [107] and so on.  
In summary, the content and theoretical basis of lateral leakage behavior in thin-ridge 
waveguide, and the recent progress in research to understand this behavior have been presented.  
3.3 THIN-RIDGE WAVEGUIDE RESONATORS 
K. Yego’s thesis [106] and patent [105] introduced a novel optical resonator based on the lateral 
leakage waveguides. This resonator was theoretically studied, but it could not be 
experimentally demonstrated due to the need for a wide, collimated beam. In this section, the 
working principle of this resonator is introduced. To illustrate the nature of this resonant 
behavior, an analysis of the factors determining the characteristics of the optical resonator are  
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Figure 3.6. Ray-diagram illustration of TE slab beam incidence on the first (a) and the second 
(b) waveguide walls, where cascaded TE and TM conversions occurred resulting in reflected 
TEr and transmitted TEt TE slab beams 
 
 
also presented. By the end of this sub-section, the reader should be familiar with the principles 
of ridge resonators, first reported in [105-106]. 
3.3.1 Thin-ridge waveguide resonators 
As discussed in Section 3.2, if the TM mode is launched into a thin-ridge waveguide, it will 
couple strongly to the TE slab mode which will propagate at a specific angle on both sides of 
the waveguide, unless the “magic” width waveguide is used. By reason, it should be possible 
to operate this situation in reverse. If two slab modes are launched to the two waveguide walls 
at the specific angle [102] such that phase matching is achieved between the TE slab modes 
and the TM guided mode, the TM guided mode in the waveguide can be excited. If the 
waveguide is not at the “magic” width, the excited TM guided mode will couple back to the 
TE slab modes very quickly. On the other hand, if the waveguide is very close to the “magic” 
width, the excited TM guided mode will propagate in the waveguide for many cycles before 
coupling back to TE slab modes. The intrinsic question is what will happen if the TE slab mode 
beam is launched at the phase matching angle only from one side? It has been shown in [105-
106] that when an infinite wide TE beam incident on a thin-ridge waveguide, depending on the 
incident angle and wavelength, the TE beam can completely reflected, partially reflected or 
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completely pass through. Thus, a thin-ridge waveguide behaves like a resonator to an infinite 
wide TE beam.  
 Figure 3.6 illustrates a simple ray-diagram depiction of TM-TE conversion process when 
an infinite wide TE incident on a thin-ridge waveguide. When the TE slab mode is incident on 
the first waveguide wall at the phase matching angle, a part of the TE mode power will couple 
to the TM guided mode, and the rest will pass through. The excited TM mode will quickly 
couple back to TE slab modes on both sides of the waveguide when it reflects back from the 
waveguide walls, as shown in Figure 3.6(a). When the incident TE slab mode is incident on 
the second waveguide wall, as shown in Figure 3.6 (b), a similar process will happen: the TE 
slab mode will partially couple to the TM guided mode which in turn will then couple back to 
the TE slab modes. The transmitted TE slab mode is denoted as TEtt, while the transmitted and 
reflected from TM mode back conversion as TEt and TEr, respectively. If TEtt and TEt interact 
with each other destructively, the transmitted TE mode will be cancelled, leading to the high 
reflection, which is called “on resonance”. Otherwise, most of the TE slab mode will pass 
through the single thin-ridge waveguide, which is called “off resonance”. It has been found that 
when the incident TE slab mode is perfectly phase-matched to the TM guided mode in the 
waveguide, the TE slab mode is perfectly reflected. 
3.3.2 The dependence of resonance on incident wavelength 
Due to the fact that the refractive indices of the TE slab mode and the TM guided mode in 
particular depend on wavelength, the phase matching angle should, therefore, also depend on 
wavelength, leading to the dependence of resonant reflection on wavelength. In order to 
validate this prediction, a simulation was carried out. In the simulation, a 550nm wide and 
75nm etched waveguide was used as a resonator; TE plane wave was used as the incidence; an 
in-house Eigen mode expansion method software was used for this simulation; and the incident 
wavelength was scanned from 1450nm to 1640nm.  
The incident angle, i.e. phase matching angle, is expressed as follows [102]: 
𝜃 = 𝑐𝑜𝑠−1(
𝑁𝑒𝑓𝑓,⁡⁡⁡𝑇𝑀
𝑛𝑒𝑓𝑓,⁡⁡⁡𝑇𝐸
(𝑠𝑙𝑎𝑏) )  (3.3.1) 
where θ is the phase matching angle, 𝑁𝑒𝑓𝑓,⁡⁡⁡𝑇𝑀 is the refractive index of TM guided mode, and 
𝑛𝑒𝑓𝑓,⁡⁡⁡𝑇𝐸
(𝑠𝑙𝑎𝑏)
 is the refractive index of TE slab mode. For wavelength 1550nm, the phase matching 
angle is calculated as θ ≈ 48.18 degree. Figure 3.7 shows the simulation result. As can be seen 
from the result, most of the incident TE plane wave is reflected back when the wavelength is  
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Figure 3.7. Simulated transmission and reflection at phase matching angle 48.18 degree for 
waveguide width = 550nm with TE plane wave as the incidence. 
 
 
Figure 3.8. Simulated dependence of the stop-band wavelength range of the single thin-ridge 
waveguide resonator on the waveguide width with plane wave as incidences. 
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Figure 3.9. Simulated dependence of transmission on the incident beam angle for waveguide 
width = 550nm with TE plane wave as the incidence. 
 
 
 
 
Figure 3.10. Simulated dependence of resonant wavelength on the incidence angle for 
waveguide width = 550nm with TE plane wave as the incidence. 
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1550nm. At other wavelengths, the TE wave passes through. This shows that the resonance 
indeed happens at 1550nm with incident angle 48.18 degree, which validates the theoretical 
analysis. For simplicity, only the transmission spectrum will be presented in the following 
sections. 
3.3.3 The dependence of resonance on waveguide width 
From Section 3.2, it is known that the lateral leakage loss of the TM guided mode depends on 
the waveguide width. Thus, it might be expected that the resonant reflection should also depend 
on the waveguide width. To demonstrate this behavior, a simulation was carried out. In the 
simulation, the same etching depth, incident beam and simulation method were used as those 
in Section 3.3.2. The waveguide widths were chosen to be 450nm, 550nm and 720nm. From 
Section 3.2, it is known that, 450nm and 550nm are “non-magic” widths, while 720nm is the 
“magic” width.  Figure 3.8 shows the simulation results for waveguide width 450nm, 550nm 
and 720nm with phase matching angle TE plane wave incidences. As can be seen from the 
results, the stop-band wavelength range of “magic” width waveguide resonator is much 
narrower than those of “non-magic” width ones, which means the quality factor of the resonator 
at the “magic” width is much higher than that of a resonator at “non-magic” width. 
3.3.4 The dependence of resonance on incident beam angle 
From section 3.3.1, it is known that the resonant reflection only happens at phase matching 
angle, which means the transmission or reflection should depend on the incident beam angle. 
In order to illustrate this dependence, two simulations were carried out. First, the same device 
and simulation method were used as those in Section 3.3.2, but the wavelength was fixed at 
1550nm while the incident beam angle was varied. Figure 3.9 shows the simulated dependence 
of transmission on the incident beam angle with fixed wavelength 1550nm. As can be seen, the 
transmission strongly depends on the incident angle. Minimum transmission occurs at the phase 
matching angle, 48.18 degree, according to Equation (3.3.1). Then, another simulation was 
conducted where the wavelength was scanned from 1450 to 1640nm for a 550nm wide 
waveguide at three different incident beam angles: 47.18, 48.18 and 49.18 degree. Figure 3.10 
shows the simulated wavelength spectra for 550nm width waveguide with three different 
incident beam angles. As can be seen from the result, if the incident angle is increased or 
decreased by 1 degree from the phase matching angle, the resonant wavelengths would shift 
about 40nm and 34nm respectively, which demonstrates that the resonance strongly depends  
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Figure 3.11. Simulated dependence of the transmission power on the incident Gaussian beam 
width for the 550nm (a) and 720nm (b) wide single thin-ridge waveguide resonators. (insets: 
zoomed in for (b) and the plane wave response of 720nm waveguide resonator.) 
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on the incident beam angle. In addition, the resonant width also depends on incident beam 
angle since the TM waveguide loss depends on wavelength. 
3.3.5 The dependence of resonance on incident beam width 
The simulations of the previous sections assumed longitudinally invariant wave propagation. 
This means that the incident beam is a true plane wave. To launch a true plane wave is not 
realistic for practical experiments. In practice, a finite wide beam, such as a collimated 
Gaussian beam should be used instead. From fundamental optics [70], it is known that a finite 
width TE Gaussian beam has a finite angular spectrum, which means each of these angular 
components of the TE Gaussian beam can be treated, through Fourier decomposition, as a TE 
slab mode with a specific angle of propagation. From Section 3.3.4, it is known that the 
resonance of the thin-ridge waveguide resonator is very sensitive to incidence angle. Therefore, 
the TE components propagating at angles not phase matched to the TM guided mode in the 
waveguide would not couple into the waveguide, which results in finite width TE Gaussian 
beams being limited to only partial coupling to the TM guided mode, while the other part would 
directly pass through the waveguide. Thus, the observed resonance should depend significantly 
on the incident Gaussian beam width.  
In order to investigate the impact of varying the width of the incident beam on the 
resonance, a simulation was carried out with finite wide incident beams. In the simulation, 
550nm and 720nm width waveguides were used as the resonators, and Gaussian beams of 
different widths were launched at the phase matching angle. Figure 3.11(a) shows the 
simulation result for the 550nm wide waveguide. As can be seen from the result, the wider the 
incident Gaussian beam is, the lower the transmission at the resonant wavelength is. Figure 
3.11(b) shows the simulation result for the 720nm wide waveguide. As can be seen from the 
result, the transmission at the resonant wavelength is much higher than that of 550nm one, 
which is due to the fact that the quality factor of the “magic” width waveguide resonator is too 
high to be coupled in with not wide enough incident beams. Therefore, in order to observe 
strong resonance similar to plane wave incidence one in “magic” width waveguide resonator, 
a very wide incident beam is needed.  
In order to view the field propagation in thin-ridge waveguide resonator with finite incident 
Gaussian beam, a simulation was carried out. In the simulation, a 550nm wide, 75nm etch depth 
waveguide was used as the resonator, a 200μm wide collimated Gaussian beam was used as 
the incidence TE slab beam, and the in-house 3D Eigen modes expansion (EME) method [98],  
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Figure 3.12. Optical field plots at wavelength 1550nm for incident angle 48.18 degree, on 
resonance, (a) and 46.18 degree, off resonance, (b) for single waveguide resonator with 
550nm waveguide width and 200μm wide Gaussian TE slab beam as the incidence. 
 
 
 
 
 
 
(a) 
(b) 
On resonance 
Off resonance 
 Chapter 3 Experimental demonstration of thin-ridge waveguide resonator 
49 
 
 
 
 
 
 
Figure 3.13. Optical field plots at wavelength 1550nm for incident angle 48.18 degree, on 
resonance, (a) and 46.18 degree, off resonance, (b) for single waveguide resonator with 
550nm waveguide width and 400μm wide Gaussian TE slab beam as the incidence. 
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which is similar to a 3D version of CAMFR [173], was used for simulation. EME is a suitable 
method to calculate different modes coupling during the light propagation, which is the core 
for TE/TM coupling based thin-ridge waveguide resonator. Figure 3.12 shows the simulated 
optical field plots for incident beam width of 200μm for “on resonance” and “off resonance”. 
As can be seen from Figure 3.12(a), when the TE beam is launched at the phase matching angle 
48.18 degree, most power is reflected back. At non-phase matching angle 46.18 degree, 
however, most power passes through with very weak reflection, as shown in Figure 3.12(b). A 
similar situation should be observed for wider incident beams. Figure 3.13 shows the optical 
field plots for 400μm wide beam incidence. Comparing Figure 3.12(a) and Figure 3.13(a), 
similar behavior is observed, however, a slight difference is evident: the transmission power 
for 200μm wide beam incidence is higher than that for 400μm one, which demonstrates that 
the wider the incident beam is, the stronger the resonance is. Because the angular spectrum is 
narrower for wider Gaussian beam, which allows more incident beam to be reflected due to the 
smaller shift of the incident angle from the perfect phase matching angle for each component 
of the Gaussian beam. 
3.3.6 Summary 
In summary, in this section, the dependence of the resonance on the fabrication and 
measurement related factors for a thin-ridge waveguide resonator proposed previously [105-
106] were theoretically investigated. It reveals that the resonance depends on the incident 
wavelength due to the dependence of the phase matching angle on the incident wavelength; the 
resonance depends on the waveguide width: the quality factor of waveguide resonator is much 
higher with waveguide width close to “magic” width; the resonance depends on the incident 
beam angle, with only 1 degree shift from the phase matching angle, the resonant wavelength 
shifts more than 30nm; the resonance depends on the incident beam width: the resonance is 
stronger with wider incident beam, and a very wide beam is needed in order to observe the 
strong resonance for those close to the “magic” width waveguide resonators. 
3.4 EXPERIMENTAL DEMONSTRATION OF THIN-RIDGE RESONATORS 
In Section 3.3, the resonant behavior of a single thin-ridge waveguide was numerically 
analyzed. This effect was also predicted previously [105-106] but was not experimentally 
demonstrated due to the need of a wide beam. In this section, experimental demonstration of 
these theoretical predictions are attempted. 
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Figure 3.14. Schematics of the devices for testing single thin-ridge waveguide resonator. 
 
 
 
 
 
 
 
Figure 3.15. SEM images of different sections of fabricated devices: (a) input focusing grating 
couplers, (b) thin-ridge waveguide, and (c) output grating coupler. 
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3.4.1 Device design and fabrication 
From the simulation in Section 3.3, it is known that the incident TE slab mode must be a wide  
collimated Gaussian beam propagating at the phase matching angle. Thus the optical lenses 
system realized in chapter 2 may be a suitable testing platform. Figure 3.14 shows the designed 
device for testing these optical resonators.  The structure consists of an array of input apertures, 
with each aperture being formed by a focusing grating coupler interfaced to a length of optical 
waveguide. The light emerging from each aperture will expand and will then be input to a wide 
optical lens to form a collimated beam. This beam is then incident on a thin-ridge waveguide 
resonator. The transmitted light is then incident onto a wide output lens, which focuses the 
beam onto the output grating coupler. The power collected by the grating coupler can be 
analyzed by coupling a fiber to the grating coupler.  
The incident Gaussian beam was designed to be 200μm wide. The waveguide resonators 
were set to be 450nm, 550nm and 720nm wide. The radius of the optical lens was set to be 
200μm to make sure that it can cover the wide Gaussian beam. The aperture width was 
calculated to be 10μm based on the method in Section 2.7. The separation between the different 
input apertures was set to be 30μmresulting in incident angle variation of about 1.27 degree 
according to Section 2.4. The center aperture was designed to launch the beam at the phase 
matching angle to the thin-ridge waveguide resonator. The phase matching angles were 49.60, 
48.18 and 45.76 degrees for the resonator widths of 450, 550 and 720nm respectively. The 
incident Gaussian beam angles decrease from the “center” aperture to the “up3” aperture in 
steps of 1.27 degrees, and increase from the “center” aperture to the “down3” aperture in steps 
of 1.27 degrees. The multiple input ports were designed to compensate the fabrication and 
measurement errors. Devices were fabricated by utilizing the same fabrication process 
described in Section 2.6. Figure 3.15 shows the SEM images of the fabricated device. 
3.4.2 First demonstration of resonance in thin-ridge waveguide 
To test the predicted resonant behavior in thin-ridge waveguide, the above fabricated devices 
were characterized in terms of transmission spectra. Utilizing the same measurement setup 
described in Section 2.2, the transmission as a function of wavelength based on the simulation 
in Section 3.3.2 was measured. Figure 3.16 shows the measured transmission wavelength 
spectrum for waveguide resonator with 550nm width and 48.18 degrees incident angle. As can 
be seem from the measured result, the theoretically predicted resonance for the thin-ridge 
waveguide is experimentally observed for the first time. However, the resonant wavelength at  
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Figure 3.16. Measured transmission spectra of the single thin-ridge resonator with incidence 
angles of 48.18 degrees for the waveguide widths 550nm 
 
 
 
Figure 3.17. Measured dependence of the stop-band width of the single thin-ridge waveguide 
resonator on the waveguide width with 200μm wide collimated Gaussian beam incidence. 
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Figure 3.18. Measured transmission spectra of the single thin-ridge resonator with different 
incidence angles for the waveguide widths 550nm (a) and 450nm (b). 
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around 1512nm is different from the designed value of 1550nm due to the fact that during 
fabrication the waveguide width and the etching depth can be only maintained in the range of 
±10nm. 
3.4.3 Effect of waveguide width 
The analysis of Section 3.3.3 predicts that if thin-ridge waveguides have different widths, then 
they will have different degrees of sharpness when resonant.  If the angle of incidence of the 
resonators is adjusted appropriately, then two different width thin-ridge waveguide resonators 
should be made to resonate at the same wavelength, but due to the difference in coupling 
between the TE and TM for each waveguides, the sharpness of each of these resonant responses 
should be different.  This behavior has been predicted theoretically in Figure 3.8.  It is expected 
that if these structures are fabricated and characterized experimentally, then a similar response 
that observed in Figure 3.8 will be observed. In order to demonstrate the prediction, the 
transmission spectra for 450nm, 550nm and 720nm wide waveguide resonator were measured.  
Figure 3.17 shows the measured transmission spectra for the three different width waveguide 
resonators. As can be seen from the result, the stop-band wavelength range of 550nm 
waveguide resonator is narrower than that of 450nm one, which demonstrates the theoretical 
prediction. However, the resonance behavior for 720nm wide waveguide resonator was not 
observed, which should be due to the fact that the incident Gaussian beam width, 200μm, is 
too narrow to be coupled into the close to the “magic” width, 720nm, waveguide resonator. 
3.4.4 Effect of incident beam angle 
The analysis in Section 3.3.4 shows that with different incident beam angles, the resonant 
wavelengths are different: with 1 degree angle shift from the phase matching angle, the 
resonant wavelength shifts more than 30nm. This behavior has been theoretically predicted in 
Figure 3.10. It is expected that if these structures are fabricated and characterized, similar 
response will be observed. In order to demonstrate the prediction of the dependence of the 
resonance on the incident beam angle in Section 3.3.4, the transmission spectra for different 
incident ports as shown in Section 3.4.1 were measured. The adjacent incident ports are 
separated by 30μm, equivalent to 1.27 degrees incident angle variation. Figure 3.18 shows the 
transmission spectra with different incident angles for waveguide width 450nm and 550nm, 
respectively. As can be seen from the results, with different incident Gaussian beam angles the 
resonant wavelengths shift. This observation is in qualitative agreement with the simulated  
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Figure 3.19. Measured transmission spectra for the single thin-ridge waveguide resonator 
with different incident Gaussian beam width, i.e. 200μm and 400μm, for the waveguide width 
550nm. 
 
predictions of Figure 3.10, although the shifts are not exactly the same. These differences could 
be attributed so slight differences in fabrication dimensions, collimated Gaussian beam quality, 
and beam propagation angles compared to the simulation. An experimental tool, such as 
transmission based near field scanning optical microscopy (Tra-NSOM), to analyse free space 
beams will be developed in the future. It can also be seen that the resonant depth increases with 
the increasing incident angle, which should be due to the fact that the fabrication errors lead to 
the shift of the perfect phase matching angle. 
3.4.5 Effect of incident beam width 
The study in Section 3.3.5 reveals that with wider incident Gaussian beam, the transmission 
dip is deeper. This behavior has been theoretically investigated in Figure 3.11. It is expected 
that if these structures are fabricated and characterized, similar response will be observed. To 
investigate the dependence of the stop-band depth of waveguide resonator on the incident 
Gaussian beam width, devices with the same configuration as shown in Section 3.4.1 were 
fabricated. The waveguide width was set to be 550nm, and the incident Gaussian beam width 
was designed to be 200μm and 400μm, respectively. Figure 3.19 shows the measured 
transmission spectra for 550nm wide thin-ridge waveguide resonator with 200μm and 400μm 
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incident Gaussian beams respectively. As can be seen from the result, with a wider incident 
Gaussian beam, the transmission stop-band of thin-ridge waveguide resonator is deeper, which 
agrees with theoretical prediction in Figure 3.11(a). 
3.4.6 Summary 
In summary, in this section, the waveguide resonator was experimentally realized by using the 
optical lenses system from Chapter 2 for the first time. The experimental results demonstrated 
the theoretical predicted dependence of the resonance on the incident wavelength. The 
dependence of the resonance on the waveguide width was also investigated, showing that the 
transmission dip width is narrower for waveguide width closer to the “magic” width, but the 
“magic” width waveguide resonance was not observed due to the narrow incident beam. The 
investigation of the dependence of the resonant wavelength on the incident angle revealed that 
the resonant wavelength shifts more than 20nm with about 1.27 degrees angle variation. The 
experiment for dependence of the resonance on the incident beam width revealed that the 
resonance is stronger for wider beam.  
 
3.5 CONCLUSIONS 
In this chapter, the recently discovered single thin-ridge waveguide optical resonator, based on 
coupling between a broad TE beam and a guide TM mode, proposed in [105] was 
experimentally demonstrated for the first time. The study on the dependence on the waveguide 
width revealed that the resonance is stronger for waveguide width close to the “magic” width. 
With different incident angles, the resonant wavelength shifted by more than 20nm, which is 
in qualitative agreement with the simulation prediction, with quantitative difference attributed 
to fabrication errors. From the numerical and experimental results, it was found that the 
incident beam width plays a very important role in determining the resonant strength. It was 
impossible to excite the resonance with narrow incident beam for “magic” width waveguide.  
To successfully observe strong resonance for “magic” width waveguide, new approaches are 
needed to generate wider and higher quality Gaussian beams. One possible approach could be 
the use of parabolic reflectors [109]. 
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Chapter 4. HYBRID WAVEGUIDE-INTEGRATED PLASMONIC 
CRYSTAL ON SILICON-ON-INSULATOR PLATFORM 
4.1 INTRODUCTION 
Surface plasmons [110-111] are surface waves that exist at the interface between metal and 
dielectric materials at optical wavelengths, which have many attractive features, such as high 
field intensity at the interface, resonant behavior, the ability to confine light at nano-scales and 
slow group velocity.  They can potentially be used for sensing [112], high-resolution 
lithography and microscopy [113-115], slow or stopped light [137-139], among other 
applications. 
Plasmon waveguides experience very large propagation loss, >100dB/cm, due to the 
complex permittivity of metals at optical wavelengths. Dielectric waveguides, on the other 
hand, have low propagation loss ≈ 1dB/cm with relatively weak confinement. The requirements 
of modern integrated optics would be high density, which in turn requires tight light 
confinement and low loss. Thus, it would be very useful if one can combine the low loss of 
dielectric waveguides and the attractive properties of surface plasmons. In order to combine 
the advantages of dielectric and plasmon waveguides, hybrid plasmon waveguides were 
proposed firstly by the research group at the University of Toronto in 2007 [116]. As can be 
seen from Figure 4.1, the high index dielectric waveguide was separated from the metal layer 
by a low index spacer which confines most of the light. 
 Based on the prototype of the above hybrid plasmon waveguide, several different 
geometries hybrid waveguides [117-125] were proposed by different research groups. The 
propagation loss of the above hybrid plasmon waveguides is lower than that of pure plasmon  
waveguides. However, it is still much higher than that of dielectric waveguides. Because most 
of them use the TM mode to excite the plasmon, and the TM mode has a very strong evanescent 
field which allows strong coupling between dielectric mode and plasmonic mode, resulting in 
higher propagation loss than original TM mode. 
Another issue is the communication between the hybrid plasmon waveguide and the 
external environment. For example, it would be difficult to interface a hybrid plasmonic mode 
with a single mode fiber due to the unmatched mode profiles. Therefore, practically hybrid 
plasmon waveguides should be used in a very short length range to realize specific functions, 
and the other parts of an integrated optics chip should use dielectric waveguides to connect 
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Figure 4.1.  Cross section and power profile of hybrid plasmon waveguide. 
 
different functional blocks and to communicate between the chip and external environment. 
Then the natural question is how one should couple dielectric modes to hybrid plasmon modes 
and vice versa.  
In order to investigate the coupling methods, the modes in dielectric and hybrid materials 
should first be analyzed. Due to the existence of the metal layer, the mode profiles for hybrid 
and dielectric modes are different, which can be seen in  [119]. Figure 4.2 shows the results, it 
can be seen that effectively, the TE mode maintain its dielectric waveguide character but is 
slightly pushed down to the low index substrate while the TM mode strongly hybridizes with 
the surface plasmon polariton (SPP) at the metal-buffer interface and concentrates the energy 
into the low-index buffer layer. This difference leads to the lower and higher refractive indices 
for hybrid TE and TM modes respectively, compared with the purely dielectric counterparts. 
These differences in the TE and TM mode profiles have found applications in TE-pass [130], 
TM-pass polarizer [131], polarization rotator [132-133], nonlinear optics [135], biosensors 
[136] among others.  
For coupling between hybrid and dielectric modes, several methods were proposed 
according to the difference between TE and TM hybrid modes, such as directly coupling [126], 
taper coupling [127-128], and grating coupling [129].  
Recently, coupled plasmon particle clusters and arrays were under extensive investigations 
due to their ability to slow or stop light [137-139], nanofocusing light into the gaps between or 
at the edges of the nanoparticles [140-141], resonantly transporting energy along particle chains 
[142], controlling the phase [143] and polarization [144, 146], of light and refracting light at 
negative angles [143-145]. Most of the work to date, however, was done in free space, for 
example, by illumination under normal incidence or evanescent excitation with near field 
microscope tips [146-148], which limit their potential for integration with photonic circuits. 
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Low index 
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Figure 4.2. Field profiles of hybrid and dielectric modes 
  
Hybrid plasmonic waveguides and plasmonic particles arrays can be combined together to 
realize on-chip integrated plasmonic crystal which are predicted to have many interesting 
potential applications. In [51], researchers from Imperial College London proposed and 
theoretically investigated a hybrid structure with dielectric waveguide and plasmonic nanogap 
tilings (NGTs) structure. The structure is shown in Figure 4.3. They theoretically investigated 
the coupling between dielectric mode and plasmonic mode, based on which they chose TE 
dielectric mode to excite plasmonic mode through its evanescent field to reduce the propagation 
and coupling losses. They also theoretically predicted the existence of Bragg resonances, stop-
band and optical field enhancement. Figure 4.4 shows the transmission coefficient of the 
triangular NGTs over pitch length, which predicted the first and second order Bragg resonance 
and stop-band. To date, this structure has remained only a theoretical prediction. The 
experimental realization of these structures requires integration of high resolution plasmonic 
structures with underlying silicon photonics, organized to produce broad beams of TE 
radiation. This seems an excellent opportunity to exploit the beam forming components 
introduced in Chapter 2. 
In this chapter, the device proposed in [51] is experimentally realized by utilizing lenses 
developed in Chapter 2. The behavior of these structures are characterized and compared to the 
theoretical predictions. This chapter is organized as follows. The second Bragg resonance is 
firstly investigated in Section 4.2 to demonstrate the interaction of dielectric mode with the 
plasmonic mode. Section 4.3 studies the asymmetric transmission near the second Bragg 
resonance pitch size, which paves the way to realize an optical diode on-chip. Then the stop-
band of hybrid plasmonic crystal is studied both numerically and experimentally in Section  
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Figure 4.3. Triangular nanogap tiling made of C3v symmetric trimer molecules (a) that 
are densely arranged on the top of a dielectric stack (b). The TE-polarized photonic field 
propagates with β = neff k0 inside the silicon waveguide (w) while being evanescently focused 
into bright spots on the surface (c). Both the corner diameter of the elements and the gaps are 
set to scale with the pitch L (i.e., G = L/10) 
 
Figure 4.4. Simulation results of transmission versus pitch length from 200nm to 600nm with 
26 periods in the propagation direction for wavelength 1550nm  
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Figure 4.5. Schematics of devices and cross section along AA’ (not to scale). 
 
 
 
 
Figure 4.6. SEM images of the fabricated devices. (a) The whole device; (b) The grating 
coupler; (c) NGTs with pitch length L=550nm. 
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4.4. After that, the optical field enhancement in the corners of hybrid plasmonic crystal is 
measured by utilizing transmission based near field scanning microscope (Tra-NSOM) in 
Section 4.5. In Section 4.6, the sensitivities of stop-band edges of hybrid plasmonic crystal to 
the environmental refractive index and surface mono-layer molecules are investigated to 
explore its potential applications in sensing. Finally, the conclusion is made in Section 4.7. 
4.2 NORMAL BRAGG RESONANCE 
As predicted in [51], the second Bragg resonance should be observed at around pitch length L 
= 550nm, due to the fact that the light was backscattered resonantly at this pitch length which 
equals to the effective wavelength of dielectric mode, i.e. λeff = 1550/2.83 ≈ 550nm. This 
section will experimentally demonstrate the existence of the second Bragg resonance. 
The proposed hybrid plasmonic crystal [51] was composed of silver nanogap tilings (NGTs) 
made of C3v symmetric trimer molecules [150] which were integrated on SOI slab waveguide 
isolated by a thin SiO2 buffer layer. In order to demonstrate the prediction, the optical lens 
platform developed in Chapter 2 was used to launch and collect wide Gaussian beams confined 
vertically in the dielectric slab mode while putting NGTs in the middle as the device under test.  
Figure 4.5 shows the top-view and cross-section-view of the proposed device. 
 The structure is composed of an input grating coupler (In-GC) which couples TE light into 
the chip from a single mode fiber, input optical lens (In-Lens) which collimates the injected 
mode into a Gaussian beam [7], the silver NGT, and an output optical lens (Out-Lens) which 
focuses light into the output grating coupler (Out-GC).  
 In [51], the second Bragg resonance was analyzed by treating the pitch length as a free 
variable. However, to fabricate tens of NGTs structures with different pitch lengths and to 
measure each’s spectrum is inefficient and impractical. Therefore, for the experimental 
demonstration of this structure, the wavelength is treated as a free variable, through use of a 
tunable laser and a number of devices with fixed pitch lengths are measured. 
 The device was fabricated by two step EBL. Firstly, the input, output grating couplers and 
optical lenses were fabricated on a SOI substrate with 220nm Si guiding layer and 3μm buried 
oxide layer using the electron-beam-lithography (EBL) and reactive-ions-etching (RIE) 
processes. Then a thin oxide buffer layer was formed by e-beam evaporation deposition. After 
that, the silver NGT was formed by the EBL, e-beam evaporation deposition and lift-off 
processes. Finally, an oxide layer was deposited on the device to protect the silver NGTs from 
oxidization. The SEM images of fabricated NGT arrays with pitch length L = 550nm are shown  
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Figure 4.7. Measured transmission spectra for pitch length L=550nm; (a) with 30nm 
buffer layer and (b) without buffer layer. 
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Figure 4.8. (a) Measured transmission spectra for different pitch lengths. (b) Comparison 
of theoretical prediction and measurement results of resonant wavelength for different pitch 
lengths. 
(a) 
(b) 
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in Figure 4.6. 
Two sets of NGTs structures were fabricated: one has 10 periods of triangles along the 
propagation direction while the other has 20 periods. Figure 4.7(a) shows the measured 
transmission spectra for devices with 10 and 20 periods and 30nm SiO2 buffer layers. It can be 
seen from the results that the resonant backscattering is not as pronounced for 10-period NGTs 
as for the 20-period NGTs.  
In these structures, the photonic resonance is due to the surface structure, i.e. NGTs, 
changing the effective index of the waveguide mode and occurs when the phase retarded 
waveguide mode matches multiples of half the pitch. The TE mode used in the structure has a 
very weak evanescent field which interacts with the NGTs through the oxide buffer layer, 
resulting in weak coupling between the TE evanescent field and the elements of the NGTs. 
Therefore, decreasing the buffer layer would enhance the coupling at the cost of increased 
lateral scattering. 
In order to test the above hypothesis, the same structures but without buffer layers were 
fabricated. Figure 4.7(b) shows the measured transmission spectra for 10 and 20 periods 
without buffer layers. It can be seen from the results that the Bragg resonance of the hybrid 
plasmonic crystal is very strong even for NGTs with only 10 periods, which agree with the 
prediction. 
 The relationship between the pitch length and the resonant wavelength is given by [51], L 
= mλ/2neff, where m is the resonant order (which should be m = 2 for the second Bragg 
resonance), λ is the resonant wavelength, and neff is the effective index of dielectric mode in 
silicon slab waveguide which should be 2.83 here for wavelength 1550nm.  
If the pitch length changed, the resonant wavelength should change accordingly. Therefore, 
NGTs structures with different pitch lengths ranging from 520nm to 580nm were fabricated, 
and measured transmission spectra are shown in Figure 4.8(a). As can be seen from the results, 
the resonant wavelength shifted to the longer wavelength side with increasing pitch lengths. 
The resonant wavelengths for pitch length 520nm and 580nm were not observed in the results 
due to the fact that the grating couplers used have limited band-width that cannot effectively 
couple light of wavelength exceeding about 1600nm, and also due to the fact that the tunable 
laser used at that time could not provide light with wavelength less than 1510nm.  The resonant 
wavelengths for different pitch lengths were extracted and plotted in Figure 4.8(b) together 
with the predicted values following the above Bragg condition equation. As can be seen, the 
measured results agree very well with the theoretical predictions. 
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 In summary, the theoretically predicted second Bragg resonance was experimentally 
demonstrated. It was found that the second Bragg resonance with 30nm buffer layer is not as 
strong as predicted. Therefore, devices without buffer layers were realized in comparison with 
those having buffer layers, which have much stronger resonance. The theoretically predicted 
relationship between the pitch length and the resonant wavelength was also experimentally 
demonstrated. 
4.3 ASYMMETRIC TRANSMISSION 
The analysis in Section 3.2 demonstrates that the dielectric mode in silicon slab interfaces with 
the metal structure on top through buffer layer. Due to the asymmetric geometry of the metal 
structure, it is expected that the coupling efficiency would be different for the forward and 
backward propagation directions, which would lead to the difference in transmission power. 
Figure 4.9 shows the definitions of the forward and backward propagation directions along the 
NGTs. In order to demonstrate this prediction, the NGTs device with buffer layer, 550nm pitch 
length and 10 periods elements in Section 4.2 was measured both for forward and backward 
directions. Figure 4.10 shows the measured asymmetric transmission spectra for forward and 
backward propagation directions. It can be seen from the result that the transmission for 
backward can reach 60% higher than that of forward transmission at resonance. This interesting 
asymmetric transmission property of NGTs should be introduced by the existence of the NGTs 
metal structures. Therefore, it is expected that the pitch size and element numbers should have 
effects on the asymmetric transmission. In this section, the mechanism of the asymmetric 
transmission and the dependence of the asymmetric transmission on the pitch size and elements 
periods are investigated both numerically and experimentally. 
In order to investigate the dependence of the asymmetric transmission on the pitch length, 
the forward and backward transmission spectra were numerically studied by using the 
frequency domain full-vectorial finite element method from the commercial software ANSYS 
HFSS. In the simulation, the TE fundamental mode was excited into the Si slab waveguide 
from backward and forward propagation directions, respectively. When the TE fundamental 
mode interacts with the NGTs elements, higher order TE modes will be excited, and they will 
couple with each other. The output TE fundamental and high order modes in the silicon slab 
waveguide after NGTs will be collected.  Figure 4.11 shows the simulated transmission for 
forward and backward propagation directions at different pitch lengths. As can be seen from 
the results, asymmetric transmission is evident and the difference in the forward and  
Chapter 4 Hybrid waveguide-integrated plasmonic crystal on silicon-on-insulator platform 
68 
 
 
Figure 4.9. Illustration of forward and backward propagation directions along the NGTs 
 
 
Figure 4.10. Asymmetric transmission for NGTs with 30nm buffer layer, pitch length L = 
550nm, and 10 periods. 
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backward transmission strongly depends on the pitch lengths. The largest transmission 
difference occurs at pitch length L = 550nm, which is equal to the effective wavelength in the 
silicon slab waveguide, i.e. λeff = 1550/2.83 ≈ 550nm. Therefore, it is assumed that the 
asymmetric transmission should come from the asymmetry of triangle elements, which is due 
to the fact that the interaction of dielectric mode with silver triangle elements became resonant. 
 From the analysis in Section 4.2, it was known that the dielectric mode in silicon slab 
waveguide interacts with the silver triangle elements through the evanescent field. Therefore, 
when the light is injected from the backward direction, the evanescent field of dielectric mode 
will interact with the tips of triangle elements first and is gradually tapered into the nanogaps, 
reducing the scattered energy. On the other hand, if the light is injected from the forward 
direction, the evanescent field of dielectric mode will interact with the bases of triangle 
elements firstly and is mostly scattered due to the lack of gradual tapering.  
 The silicon slab waveguide used in this thesis has 220nm silicon guiding layer with 3µm 
buried oxide layer beneath, which only supports TE and TM fundamental modes across its 
height (i.e. y-direction). However, it can support high order modes within the plane of the 
waveguide (i.e. x-direction). The simulated fundamental and high order (i.e. asymmetric mode) 
TE modes are shown in Figure 4.12(a). 
 The NGTs acts like a grating along the propagation direction of light, offering the 
possibility for the coupling between different dielectric modes in the silicon slab waveguide. 
Such mode conversion has already been known in photonic crystals [151], spatial-temporal 
refractive index modulation devices [152], and silicon microcavities by means of ultrafast 
tuning of the refractive index [153]. In order to demonstrate whether such mode conversion 
happens in NGTs structure, the simulated Ex component of electric field in the center of silicon 
slab waveguide both for backward and forward light injection are shown in Figure 4.12(b). The 
shapes of triangle elements were plotted as references to view how the dielectric modes 
transform as they propagate underneath the silver functional triangle elements.   
 In the simulation, the fundamental TE mode was injected into the silicon slab waveguide 
for each of the forward and backward directions. Evidently, the conversion from fundamental 
mode to the asymmetric mode and vice versa happened for both scenarios, but the conversion 
rate between the two directions is different as can be seen from the electric field. To explore 
the conversion for both directions in details, a four ports scattering matrix model of the device 
is developed as shown in Figure 4.13. As can be seen from this figure, any excitation 
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Figure 4.11. Forward and backward transmission for different pitch length with 8 periods 
triangle elements in the propagation direction at 1550nm wavelength. 
 
 
Figure 4.12. (a) Fundamental and asymmetric modes; (b) Simulated backward and forward 
transmission optical fields in the center of Si waveguide at 1550nm wavelength. 
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Figure 4.13. Four-ports boundary setup for NGTs system. Ports 1 and 2 are denoted as 
fundamental modes while ports 3 and 4 are for asymmetric modes. 
 
 
 
 
 
Figure 4.14. Scattering parameters for NGTs structure with different pitch lengths at 1550nm 
wavelength. 
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in one port would lead to the output in the other three ports, plus reflection back to the input 
port. Therefore, once an initial state was given, the final state would be able to be calculated 
based on the following scattering matrix [154]: 
[
𝑏1
𝑏2
𝑏3
𝑏4
] = [
𝑆11 𝑆12
𝑆21 𝑆22
⁡⁡⁡⁡
𝑆13 𝑆14
𝑆23 𝑆24
𝑆31 𝑆32
𝑆41 𝑆42
⁡⁡⁡⁡
𝑆33 𝑆34
𝑆43 𝑆44
] [
𝑎1
𝑎2
𝑎3
𝑎4
]  (4.3.1) 
where b denotes the output and a denotes the input. Smn means the amplitude output from port 
m induced by the input port n. Thus ȁ𝑆𝑚𝑛ȁ
2 means the power output from port m induced by 
the input port n. Based on the above definition, the scattering parameters in the matrix versus 
pitch length were calculated. Figure 4.14 shows the scattering matrix elements as functions of 
the pitch length. From the results, it is very clear thatȁ𝑆𝑚𝑛ȁ = ȁ𝑆𝑛𝑚ȁ, which indicates that the 
scattering matrix is symmetric and the system is linear and passive.  
 Due to the fact that only fundamental mode was injected for both directions, the 
transmitted power in forward direction can be expressed as: 
𝑇𝑓 = ȁ𝑆21ȁ
2 + ȁ𝑆41ȁ
2  (4.3.2) 
while the backward transmission power can be expressed as: 
𝑇𝑏 = ȁ𝑆12ȁ
2 + ȁ𝑆32ȁ
2  (4.3.3) 
From the results in Figure 4.14, it is known that ȁ𝑆12ȁ = ȁ𝑆21ȁ, while ȁ𝑆41ȁ ≠ ȁ𝑆32ȁ, which 
is due to the fact that the TE fundamental mode can easily couple to TE high order mode with 
the assistance of gradual taper effect of NGTs for backward direction, while there is no such 
gradual taper effect for forward direction. Therefore, the asymmetric transmission comes from 
the asymmetric conversion from the fundamental modes to asymmetric modes between the two 
propagation directions. 
The simulation results in Figure 4.12 suggest that the number of NGTs periods could have 
strong effect on the asymmetric transmission. The dependence of asymmetric transmission on 
pitch number was simulated. Figure 4.15 shows the simulated asymmetric transmission versus 
the pitch number. As can be seen from the result, the asymmetric transmission becomes 
stronger with increasing pitch number, and reaches the strongest point when the pitch number 
is 10. Then it weakens, becoming almost zero with the pitch number increasing further to 26.  
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Figure 4.15. The simulated dependence of asymmetric transmission on the NGTs pitch 
number. 
 
 
 
 
Figure 4.16. SEM images of NGTs with 10 and 26 periods and the zoomed in image. 
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Based on the simulation results of Figure 4.15, the devices with pitch length L =550nm, 
10 and 26 periods of NGTs were fabricated using the method described in Section 4.2. SEM 
images of the fabricated devices are shown in Figure 4.16. Figure 4.17 shows the measured 
backward and forward transmission spectra for 10 and 26 periods NGTs devices.  It is evident 
that the device with 10 periods exhibits strong asymmetric transmission at 1610nm, whereas 
the structure with 26 periods has similar forward and backward transmission over the whole 
wavelength range. 
 For comparison, the simulated wavelength spectrum of a NGTs structure with pitch length 
L =550nm and 10 periods is given in Figure 4.18 (a). It can be seen that the simulation predicts 
two peaks, while the measured results in Figure 4.17 show only one peak. The reason for this 
difference is that the grating couplers used in the experiment have limited band-width, thus 
only wavelengths located within the transmission band can be coupled in and out of the device. 
To take into account the effect of the grating couplers, the simulation results are normalized 
against the grating coupler response.  Figure 4.18(b) shows the normalized results. It can be 
seen from the results that the normalized simulated response agrees well with the measured 
data. It also can be seen that the experimental full width at half maximum is wider than that of 
simulation results, which could be caused by the fact that the gap is the same in simulation but 
in real device, the gaps among elements can be different. 
 Considering the large difference in transmission between forward and backward propagation 
directions obtained both numerically and experimentally, one might consider the structure as a 
candidate to achieve optical isolation. In order to realize a true optical isolator, Lorentz 
reciprocity must be broken either by the magneto-optic effect [155-157], optical nonlinearity 
[158-161], electro-absorption modulation [162], cholesteric liquid crystals [163], 
optomechanical cavities [164], indirect interband photonic transitions [165], or the opto-
acoustic effect [166]. However, most of these phenomena are either not compatible with the 
CMOS or too complicated to realize. 
The device presented here does not have active components and is a linear system which 
can be seen from the symmetric scattering matrix. Hence, it is not possible to configure this 
structure as a true optical isolator. However, the metal structure is accessible from the surface 
which can be combined with active components, such as electrodes or nonlinear materials, to 
break Lorentz reciprocity. In addition, the device is compatible with standard silicon foundry 
fabrication, and can be readily fabricated. Therefore, the asymmetric transmission of the hybrid 
plasmonic crystal may pave the way for optical isolator on-chip.  
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Figure 4.17. The measurement results for pitch length L = 550nm with 10 (a) and 26 (b) 
periods respectively. 
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Figure 4.18. Simulation results of NGTs with pitch length L = 550nm and 10 periods. (a) 
without measured grating couplers transmission spectrum. (b) with measured grating couplers 
transmission spectrum. 
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In summary, the asymmetric transmission in the NGTs devices was numerically and 
experimentally investigated. From the investigation, it was found that the asymmetric 
transmission strongly depends on the pitch length and pitch number. When comparing the 
measured results with simulated predictions, good agreement was found once the filtering 
effect of the grating coupler was taken into account. 
4.4 STOP-BAND 
In [51], a stop-band of the hybrid plasmonic crystal was predicted when scanning the pitch 
length with fixed incident wavelength. It should be expected that hybrid plasmonic crystal 
device also exhibit stop-band behavior when scanning the incident wavelength with fixed pitch 
length. In this section, the stop-band of NGTs devices in the wavelength spectrum was 
investigated numerically and experimentally.  
 In reference [51], the stop-band of the hybrid crystal was predicted at around 320nm to 
360nm pitch lengths. The transmission was simulated using HFSS with different pitch length 
at 1550nm wavelength. Figure 4.19(a) shows the simulated results. As can be seen, the 
simulated result agrees with the result predicted in [51]. As mentioned in Section 4.2, it is 
impractical to treat the pitch length as a free variable as the pitch is fixed once the device is 
fabricated. Thus a direct comparison between experimental realization and [51] is not possible. 
Therefore, a device with pitch length L = 340nm was simulated in the wavelength domain. 
Figure 4.19(b) shows the simulated wavelength spectrum. As can be seen from the result that 
the device with L = 340nm exhibits 170nm stop-band from 1470nm to 1640nm.  
Due to the limited range of the tunable laser, it is difficult to observe the whole stop-band with 
a single device. Therefore, devices with different pitch lengths were used. Figure 4.20 shows 
the simulated transmission spectra for different pitch lengths from 300nm to 390nm in steps of 
10nm. The grating couplers responses are included in the presented results. It can be seen from 
the results that only rising or falling edge exists for most pitch lengths except L =340nm in the 
wavelength range, which can be attributed to the fact that the stop-band in wavelength spectrum 
is too wide to be covered. 
The devices with pitch lengths ranging from 300nm to 390nm were fabricated, with the 
same configuration as shown in Figure 4.5 except no cover oxide used, by utilizing the same 
fabrication process. The SEM images of the fabricated devices are shown in Figure 4.21. It can 
be seen from the results that the fabrication tolerance for gap size of NGTs can be maintained 
in about ±10nm. 
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Figure 4.19. (a) Simulation results of transmission versus pitch length from 200nm to 600nm 
with 26 periods in the propagation direction for wavelength 1550nm. (b) Simulation results of 
transmission versus wavelength for pitch length L = 340nm. 
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Figure 4.20. (a) Modelled rising edges for NGTs. (b) Modelled falling edges for NGTs. 
 
    
 
 
(a) 
(b) 
Modelled 
rising edges 
Modelled 
falling edges 
Chapter 4 Hybrid waveguide-integrated plasmonic crystal on silicon-on-insulator platform 
80 
 
  
Figure 4.21. SEM images of NGTs with 26 periods and the zoomed in image for pitch length 
L = 340nm. 
  
 Figure 4.22 shows the measured output power versus wavelength for different pitch 
lengths. It can be clearly seen that there exists stop-bands in the transmission spectra. As 
expected from the simulation results, the locations of the stop-bands depend on the pitch length 
of the NGTs arrays. However, the specific locations of stop-band edges are not exactly the 
same as in simulation. The difference in the locations of stop-band between measured and 
simulated results can be attributed to the fact that in simulation the incident beam was chosen 
as an infinite wide plane wave while in measurement a finite width collimated Gaussian beam, 
100µm wide, was used. In addition, the geometry of the realized structure was not perfect, 
particularly the gaps between the tiles. It is predicted that the pitch length, especially the gap 
size, plays a very important role on determining the stop-band edges locations. Figure 4.23 
shows the simulated result of the effect of the gap sizes on stop-band edges locations. The 
simulation result can explain the disagreement between simulation and measurement results 
shown above. 
  In summary, the theoretically predicted stop-band of NGTs devices in wavelength 
spectrum was numerically and experimentally demonstrated in this section. When comparing 
between simulation and measurement results, it was found that the stop-band locations did not 
agree with each other exactly, which was due to the fabricated devices had different gaps sizes 
of the NGTs. The strong dependence of the stop-band location versus gap size was investigated. 
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Figure 4.22. (a) Measured rising edges for NGTs. (b) Measured falling edges for NGTs. 
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Figure 4.23. The simulated dependence of stop-band edge locations on the gap sizes for L = 
340nm. 
 
 
4.5 FIELD ENHANCEMENT 
It was predicted in [51] that the densely coupled trimer molecules would support the 
propagation of SPPs, which would excite “hot-spots” in the corners of NGTs. In this section, 
the existence of “hot-spots” in the corners of NGTs is numerically analyzedand experimentally 
demonstrated. 
 To confirm that in principle the optical field enhancement should be observed at the 
corners between tiles, HFSS simulation was used to analyze the device with pitch length L = 
330nm at three different wavelengths: 1590nm (outside stop-band), 1570nm (on the edge of 
stop-band) and 1550nm (inside stop-band). Figure 4.24 shows the simulated field intensity at 
each of these wavelengths.  It can be seen from the results that the hot-spots do exist and the 
optical field enhancement in the corners becomes weaker and weaker with the signal 
wavelength moving from outside stop-band to stop-band edge then deep into the stop-band. 
This trend is due to the fact that less and less power of the dielectric mode can couple into the 
NGTs when the wavelength moves into the stop-band. 
    In order to experimentally demonstrate the existence of “hot-spots”, the Tra-NSOM [167] 
was used. The working principles of this method are described in details in [167-169]. To 
briefly summarize, the technique analyzes the evanescent optical field that is generated when 
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light is transmitted through a structure by analyzing the impact of perturbing this evanescent 
field on the transmitted optical intensity as illustrated in Figure 4.25. According to [167], the 
reduction in power observed when an AFM tip is introduced close to the opitcal evanescent 
field can be approximated as a dipole radiation due to scattering from the AFM tip. Modelling 
the tip as a cone, the Cartesian coordinates are chosen such that y is along the axis of the tip 
and x and z are in the plane perpendicular to the cone axis. Since the polarizability is diagonal 
in this basis the total power lost Pext as the sum of the power lost to absorption Pabs and 
scattering Psca can be written as: 
𝑃𝑒𝑥𝑡 = 𝑃𝑎𝑏𝑠 + 𝑃𝑠𝑐𝑎 =
1
2
√
𝜀0𝜀
𝜇0𝜇
∫ (𝑄𝑒𝑥𝑡⊥
⁡
𝐴
ȁ𝐸𝑥ȁ
2 + 𝑄𝑒𝑥𝑡∥|𝐸𝑦|
2
+ 𝑄𝑒𝑥𝑡⊥ȁ𝐸𝑧ȁ
2)𝑑𝑎 (4.5.1) 
where A is the cross sectional area of the scanning tip, Qext⊥ and Qext∥ is the extincition efficiency 
for the field perpendicular and parallel to the probe axis. The extinction efficiency is defined 
as the scattering cross section plus the absorption cross section divided by the geometric cross 
section [170]. This is equivalent to the total power extinction normalized to the power incident 
to the scanning tip cross section. Assuming that the tip-field interaction is dominated by the 
polarization component along the tip axis (Qext∥ >> Qext⊥ ), the total power loss Pext can be 
approximated by: 
𝑃𝑒𝑥𝑡 ≈
1
2
𝑄𝑒𝑥𝑡∥√
𝜀0𝜀
𝜇0𝜇
∫ |𝐸𝑦|
2⁡
𝐴
𝑑𝑎 (4.5.2) 
Now write the transmitted power Pout as a function of the transmission T1 between the source 
and the scanning tip position, the transmission T2 between position of the scanning tip and 
photodetector, and the power loss Pext : 
𝑃𝑜𝑢𝑡 = 𝑇1𝑇2𝑃𝑖𝑛(1 −
𝑃𝑒𝑥𝑡
𝑃1
)  (4.5.3) 
Where the power immediately before the scanning tip (P1 = T1 Pin ) is equivalent to an integral 
of the pointing flux through an infinite plane. 
𝑃1 =
1
2
∫ 𝑅𝑒(?⃑? × ?⃑? ∗) ∙ ?̂?
⁡
∞
⁡𝑑𝑎  (4.5.4) 
Thus, the perturbation signal ΔT in terms of the measured output power with (Pout) and 
without (Pout0) the scanning tip can be expressed as: 
∆𝑇 = 1 −
𝑃𝑜𝑢𝑡
𝑃𝑜𝑢𝑡0
=
𝑃𝑒𝑥𝑡
𝑃1
≈
𝑄𝑒𝑥𝑡∥√
𝜀0𝜀
𝜇0𝜇
∫ |𝐸𝑦|
2⁡
𝐴 𝑑𝑎
∫ 𝑅𝑒(?⃑? ×?⃑? ∗)∙?̂?
⁡
∞ ⁡𝑑𝑎
  (4.5.5) 
Therefore, the measured quantity is related to the square of the local electric field nomalized 
to the local power in the mode. Therefore, if the power in the mode is maintained as a constant, 
the power reduction observed due to the presence of the AFM tip can be interpreted 
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Figure 4.24. Simulated optical field intensities in the gap corners for L = 330nm at different 
wavelengths: (a)1590nm (outside of stop-band) (b) 1570nm (at the middle of the stop-band 
rising edge) (c) 1550nm (inside the stop-band). 
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Figure 4.25. Model of the Tra-NSOM measurement where Pin is the input power, T1 is the 
transmissivity between the input and the probe, Pabs is the power absorbed by the probe, Psca 
is the power scattered by the probe, T2 is the transmissivity between the probe and the 
detector, and the Pout is the power detected at the output. 
 
 
 
 
 
Figure 4.26. Tra-NSOM measurement setup (inset: illustration of the coupling between angle 
polished fiber and grating coupler). 
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as the evanescent power at the locaiton of the AFM tip. 
  Figure 4.26 illustrates the Tra-NSOM setup using a commercial AFM. A silicon AFM 
probe with a nominal apex diameter of 10nm was used to locally probe the optical near field. 
Linearly polarized light with a power of 1mW and a wavelength range tunable from 1450 to 
1620nm was provided by a tunable laser. A polarization controller was used to orient the 
polarization of the laser light to correspond to the TE mode of an angle polished fiber. The TE 
light from the polarization controller was sent to the input angle-polished fiber which was 
coupled to the chip through input grating couplers and bonded to a glass slide by using a low 
shrink UV curable epoxy [171]. An output angle-polished fiber was bonded to the glass slide 
to collect light from the device through the output grating coupler. The output transmission of 
the device was measured by a photo detector.  
 Then the packaged device was put in the AFM and the tapping mode was used. The 
analogue output signal was amplified and filtered, and was sent to the lock-in input of the AFM 
which lock in the signal to the AFM tip oscillation frequency. The topography and the optical 
near field signal of NGTs can be obtained simultaneously. 
 Figure 4.27 (a) and (b) show the measured topography and optical near field on top of the 
NGTs, respectively. From the results, the “hot-spots” in the corners of NGTs can be clearly 
visualized, which agrees with the simulation prediction in [51] and Figure 4.24.  
 The optical near fields of NGTs at different wavelengths were measured. Figure 4.28 
shows the measured optical field intensities at three different wavelengths: 1590nm (outside of 
stop-band), 1570nm (at the middle of the stop-band rising edge), and 1550nm (inside the stop-
band). As can be seen from the results, optical field enhancement with wavelength outside of 
stop-band is the strongest while the one inside the stop-band is the weakest, and the one on the 
edge of the stop-band sits between the two extremes. When changing wavelengths from outside 
of stop-band, to the edge of stop-band then into the stop-band, the light coupling into the NGTs 
becomes weaker and weaker while most power is reflected or scattered, resulting in weaker 
field enhancement in the gap corners. This measurement results validate the simulation results 
of Figure 4.24. 
 In summary, the existence of optical field enhancement, i.e. “hot-spots”, was numerically 
and experimentally demonstrated. For different wavelengths around the stop-band, it was found 
that the “hot-spots” became weaker and weaker with the wavelength moving from outside stop-
band, to stop-band edge, then deep into stop-band, which is due to the fact that less and less 
power can couple into NGTs. 
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Figure 4.27. Tra-NSOM measurement results of NGTs at 1590nm wavelength. (a) 
Topography of NGTs. (b) Optical near field of NGTs 
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Figure 4.28. Measured optical field enhancement in the gap corners for L = 330nm at 
different wavelengths: (a)1590nm (outside of stop-band) (b) 1570nm (at the middle of the 
stop-band rising edge) (c) 1550nm (inside the stop-band). 
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4.6 NGTS FOR SENSING APPLICATIONS 
From sections 4.4 and 4.5, it was known that the hybrid plasmonic crystal has stop-band and 
strong optical field enhancement on the surface. Due to the enhanced intensity of light in hot-
spots and the sharp change in transmission at the edges of stop-band, the NGTs should 
potentially be a good candidate for sensing applications. In this section, the sensitivities of the 
NGTs devices to the environmental refractive index change and to the monolayer thiol will be 
investigated. 
  The sensitivity of NGTs to the environmental refractive index changes was firstly 
investigated by using refractive index matching fluids. In the experiment, the device was 
immersed in different refractive index matching fluid each time, and the transmission spectra 
were measured. Figure 4.29(a) shows the measured shifts of the stop-band edge for L = 310nm 
with different refractive index fluids on top of the NGTs. It can be seen from the results that 
the stop-band edge shifts almost linearly to the longer wavelength side with increasing fluid 
refractive index. Figure 4.29(b) shows the NGTs sensitivities to the fluid refractive index for 
different pitch lengths. It can be calculated that the sensitivity of L = 310nm NGTs to 
environmental refractive index change is about 219nm/RIU, which is comparable with that of 
dielectric slot waveguide based ring resonator with 298nm/RIU [172]. While the sensitivity for 
L = 350nm is only 72nm/RIU, which is much weaker than that of L = 310nm. The reason for 
the difference in sensitivities between different pitch lengths should be due to the fact that 
smaller pitch length devices have smaller gaps which squeeze light into the corners much more 
tightly leading to stronger sensitivity to the environmental refractive index change.  
 The above investigation revealed the application of NGTs on bulk sensing, however, 
NGTs have strong localized optical field enhancement very close to the surface. Thus, it should 
be very sensitive to the change right on the surface of NGTs elements. To test whether changes 
directly at the surface of the plasmonic NGTs could be detected, a thiol monolayer was 
deposited onto the NGTs structure and the impact on the response of the structure was analysed. 
Here, 1-Phenyl-1H-tetrazole-5-thiol (PMT) sodium salt (98%) obtained from Sigma Aldrich 
and dissolved in Milli-Q water to a concentration of 1 mM was used to test its influence on the 
stop-band. The previously prepared chip was immersed in the solvent. The transmission spectra 
were measured immediately and then at 0.5, 1.0, 2.0 and 16 hours. Figure 4.30(a) and Figure 
4.30 (b) show the measured transmission spectra at different times for pitch length L = 320nm 
and L = 350nm, respectively. It can be seen from the results that with increasing time, the edges 
of stop-band shift gradually which should be attributed to the fact that more and more  
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Figure 4.29. The measured NGTs stop-band sensitivity to the different refractive index 
matching fluids. (a) L = 310nm; (b) Comparison of sensitivity for different pitch lengths 
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Figure 4.30. Sensitivity of stop-band to thiol in DI water. (a) for L =320nm; (b) for 
L=350nm. 
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Figure 4.31. Sensitivity of stop-band to thiol in DI water. (a) for rising edges with L from 
300nm to 320nm. (b) for falling edges with L from 330nm to 370nm. 
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PMT molecules self-assembled on to the NGTs surface to form a uniform monolayer, resulting 
in stronger interaction between the hot-spots and PMT molecules. With more and more area 
covered by a monolayer of PMT, the NGTs would sense the refractive index change of 
environment they sit in, which make the transmission spectrum shift gradually. It can also be 
found from Figure 4.31 (a) and Figure 4.31 (b) that the stop-band shifts are different for 
different pitch length, larger shift for smaller pitch length, which should attribute to the fact 
that smaller pitch length devices have smaller gaps which squeeze light into the corners much 
more tightly leading to stronger sensitivity to the surface refractive index change. 
  In summary, the applications of NGTs on bulk sensing and thiol molecule sensing were 
investigated. It was found that the sensitivities of NGTs depend on the pitch length, which 
should be due to the fact that smaller pitch length devices have smaller gaps which squeeze 
light into the corners much tightly leading to stronger sensitivity to the refractive index change 
in the corners. 
4.7 CONCLUSIONS 
In this chapter, a hybrid plamsonic crystal, NGTs, on SOI slab waveguide isolated by a thin 
layer of oxide to control the coupling between dielectric mode and plasmonic mode was 
realized. The predicted second Bragg resonance was studied in wavelength spectra. 
Asymmetric transmission was numerically and experimentally analyzed, which was due to the 
symmetry broken of the NGTs triangle elements. The stop-band of NGTs was investigated, 
and found to be very sensitive to the gap size. Then, the optical fields enhancements at the 
corners were numerically validated by using HFSS and were experimentally demonstrated by 
using Tra-NSOM. In addition, the sensitivities of NGTs to the refractive index matching fluids 
and PMT thiol were investigated which demonstrated that there is a potential application of 
this device to be used for bio-sensing.  
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Chapter 5. CONCLUSIONS 
The aim of this thesis was to realize a planar integrated SOI photonic platform to harness 
unguided beams in slab waveguide and demonstrate different functions using this platform. 
Therefore, the integrated optical lens was firstly proposed, simulated and experimentally 
demonstrated. The lens can launch, expand, collimate and focus a Gaussian beam in planar slab 
waveguide. By using this platform, the lateral leakage resonant behavior in thin-ridge SOI 
waveguides was experimentally demonstrated for the first time. The effects of waveguide width 
and the incident Gaussian beam angle and width on the resonance were investigated 
numerically and experimentally. A hybrid plasmonic crystal on SOI slab waveguide was also 
realized by using the optical lens platform. Bragg resonance, asymmetric transmission, stop-
band and optical field enhancement properties of this hybrid structure were demonstrated and 
analyzed. By utilizing the stop-band and optical field enhancement properties of the hybrid 
plasmonic crystal, the environmental and monolayer molecule sensing applications were 
experimentally demonstrated. A summary of major achievements of each chapter is presented 
in the following section. 
5.1 OUTCOMES OF THIS WORK 
The aim of Chapter 2 was to realize a planar integrated SOI photonic platform that can launch, 
control and collect broad, laterally unguided TE slab beams. A brief review on the Gaussian 
beam generation on chip and the research rationale was presented first. In order to answer the 
rationale, an integrated optical lens which can launch, expand, collimate and focus Gaussian 
beam was realized on SOI platform. Then the optical lenses were characterized in terms of 
propagation loss compared with slab waveguides. The beam collimation properties were 
analyzed. After that, optical lenses which can continuously and discretely tune the propagation 
direction of the collimated Gaussian beam were experimentally demonstrated. Fourier analysis 
was carried out to investigate the relationship between tuned angle and the location of the 
aperture feeding the optical lens beam former. In order to decrease the extra loss introduced by 
optical lenses, subwavelength gratings antireflection layers were introduced onto the optical 
lenses surfaces, and the transmission was improved by about 3dB. However, the Fresnel 
reflection for 75nm etch depth on 220nm silicon layer cannot reach so high. Therefore, there 
may be unusual losses being incurred, potentially due to total internal reflection of the TE 
beam, or by conversion of the TE to TM beam, launching a whispering gallery mode. This 
 Chapter 5. Conclusions  
95 
 
investigation will be done in the near future. Finally, a study on controlling collimated Gaussian 
beam widths was carried out, which used aperture size to control the beam width. In addition, 
the capability to fabricate silicon photonic chips by utilizing facilities at MCN and MNRF was 
developed successfully. 
  The aim of Chapter 3 was to experimentally demonstrate the optical resonator based on 
lateral leakage in thin-ridge waveguide for the first time. A brief review on lateral leakage 
phenomenon in thin-ridge waveguides was first presented. The working principles were 
introduced, followed by numerical simulations, illustrating how the resonance depends on 
waveguide width, incidence light beam angle, and incidence beam width. The new contribution 
of this thesis was the experimental realization and characterization. The experiment results 
demonstrated the simulation predictions: the resonance was observed; the dependence of the 
resonance on waveguide width was observed, revealing that the waveguide width near the 
“magic” width waveguide resonator has stronger resonance; the dependence of the resonance 
on incident beam angle was observed, revealing that the resonant wavelength shifts more than 
30nm with only 1 degree incident beam angle variation from the phase matching angle; the 
strong dependence of the resonance on the incident beam width was also observed, revealing 
that in order to observe strong resonance, wide Gaussian beams are required. 
  The aim of Chapter 4 was to experimentally realize a previously theoretically predicted 
hybrid plasmonic crystal integrated on SOI slab waveguide. A brief review on hybrid 
plasmonic waveguides was given first. A sequence of experiments was conducted to validate 
the theoretical predictions made by researchers from Imperial College London. The second 
Bragg resonance was first demonstrated which agreed with the simulation results. During the 
experiment to analyze the second Bragg resonance, asymmetric transmission phenomenon was 
observed when the input and output ports were changed. The asymmetric transmission was 
attributed to the asymmetric geometry of plasmonic crystal. The asymmetric behavior was 
investigated numerically and experimentally in detail, revealing more than 60% transmission 
difference between forwards and backwards directions. The asymmetric transmission property 
of the hybrid plasmonic crystal revealed its potential application for optical diode if active 
components or nonlinear materials were used. The stop-band of the hybrid plasmonic crystal 
was studied both numerically and experimentally, showing the dependence of the stop-bands 
on pitch length and gap size. Then the optical field enhancement on the surface of the plasmonic 
crystal was numerically and experimentally demonstrated. A transmission based NSOM 
enables the visualization of the hot-spots directly, showing the dependence of the enhancement 
on the wavelength location on the stop-band. Finally, the strong sensitivities of the hybrid 
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plasmonic crystal to environmental refractive index change and even monolayer molecules 
were experimentally investigated, which opened the possibility of the device for the 
applications of bio-sensing. 
5.2 SUGGESTIONS FOR FUTURE WORK 
The primary goal of this work, which was to realize an integrated photonic system on SOI 
platform, has been achieved. Based on the outcomes and observations of this work, some 
suggestions are given for the future investigations in the following. 
 In Chapter 2, spherical disks were used for optical lenses. According to fundamental 
optics, however, it is known that the spherical lenses will introduce large aberration errors for 
very large beam widths. Therefore, in order to generate very wide Gaussian beam in the future, 
the parabolic mirror maybe the better option. In addition, the subwavelength gratings 
antireflection layer on the lenses surfaces improved transmission by about 3dB, which is 
surprisingly good and possible cannot be explained by Fresnel effects alone. It would be worth 
investigation whether any unusual losses are being incurred, potentially due to total internal 
reflection of the TE beam, or by conversion of the TE to TM beam, launching a whispering 
gallery mode. It would be possible to analyze this behavior using the Tra-NSOM technique 
from Chapter 4. 
 In Chapter 3, the simulation results predicted that thin-ridge waveguide resonator should 
have very high quality factor with width close to “magic” width. However, the strong resonance 
was not observed due to the limited incident Gaussian beam width. Therefore, a device which 
can generate wider, higher quality Gaussian beams are needed, parabolic reflectors maybe a 
better option. Furthermore, it would be good to develop a coupled mode theory based method 
to analyze the mechanism of the waveguide resonator, and to understand the conditions to 
excite a “magic” width waveguide resonator. 
 In Chapter 4, silver was used for the hybrid plasmonic crystal. However, silver will quickly 
become oxidized if exposed in air or solvent. Thus, more robust metal should be used for future 
devices. Gold is a good option . Strong optical field concentration on the surface at the gaps 
can suggest novel applications, such as on-chip Raman sensing, Raman microscopy, and signal 
processing. 
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5.3 CONCLUDING REMARKS 
The primary objective of this thesis has been achieved. The integrated SOI photonic platform 
for unguided beam harnessing was realized based on the on-chip optical lenses. The optical 
lenses can launch, expand, collimate, control and collect Gaussian beams in SOI slab 
waveguides. The limitations of the optical lenses for very wide beams were identified and the 
potential approach was proposed. The theoretically proposed optical resonators based on lateral 
leakage in thin-ridge waveguides were experimentally demonstrated for the first time. The 
dependence of resonance on waveguide width, incident beam angle and width were 
numerically and experimentally investigated, revealing that to successfully observe the strong 
resonance behavior predicted for ridges approaching the “magic” width, wider and higher 
quality Gaussian beams are needed. Utilizing the optical lenses system, a theoretically 
proposed hybrid plasmonic crystal integrated on SOI slab waveguides was experimentally 
demonstrated. The second Bragg resonance, asymmetric transmission, stop-bands and optical 
field enhancement of the hybrid plasmonic crystal were observed experimentally. The potential 
applications for sensing, microscopy and signal processing of the integrated hybrid plasmonic 
crystal on SOI slab waveguides were proposed. 
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